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Alison Marie St. Clair

Abstract

Previous authors have developed many different types of water pipe condition and failure models
using the various methodologies available. Contrary, current utilities are struggling to maintain
their current water infrastructeirsystem, due to the lack of effective prediction tools at hand.
The gap between the methodologies available in academic research and the tools available to
current water utilities needs to be addressed. This paper presents a fuzzy inference prediction
model used to forecast the performance rating of individual drinking water pipeline sections
(node to node) in which utilities can easily apply to their drinking water infrastructure system.

Prior to the development of a prediction model, a through literatnd current practice review is
completed detailing and summarizing all the available mathematical models. Following, an
infrastructure overview is presented detailing the various pipe materials, lifecycle and failure
modes and mechanisms. A data dtriiee is also detailed which lists all parameters that affect
the condition and/or performance of a pipeline. All of these tools are successfully used to
develop a fuzzy inference performance model.

The fuzzy inference performance model is considered nouékt it considers close to 30 pipe
parameters. Moreover, the performance model is applied using the Western Virginia Water
Authority (WVWA) and the Washington Suburban Sanitary Commission (W8&@apaseto
evaluate and verify the predicting resultsab testing of several pipe samples is also used to
evaluatethe model. The testing consists of a ring bearing test which is used to calculate the
rupture modulus of the pipe. Comparing the original vs. the current rupture modulus can
determine the reaining strength of the pipe. The remaining strength can then be used to assess
the performance results predicted by the fuzzy inference model.

Further a framework is set forth which wutildi
develop deteriorabn curves which can be used as a tool to forecast and plan future inspection,
repair, rehabilitation and replacement of water pipelines. The deterioration model is made up of

a Markov chain approach coupled with a fotimization technique.
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1 Introduction

ANew s ol weeded tosvhadameunts to nearly a trillion dollars in critical water and
wastewatelinvestments over the next two decades. Not meeting the investment needs of the next
20 years risks reversing the public health, environmental, and economicajaimes kst three
decaded (WIN 2000. Most cities andowns started building drinking water and collection
systems over 100 years ago and many of these systems have not receivec agepades,
maintenance, repaand rehabilitation over tim@SEPA 200%.

Today, municipal governments are facing an infrastructure crisis requiring costly renewal
beyond their capacity. There has been a steady decline in the state of our water infrastructure
over the past two decades and a growing conicetimat these facilities may be inadequate for
current requirements and projected future groldBEPA 200%. Funding for these needs is
limited, and a deferred maintenance,-ofisight, outof-mind philosophy still prevails in many
regions.

Recently, for example, the Amean Society of Civil Engineef®\SCE) in its 200 assessment

of the nationdés i nfr a-6(ASCk 200U it is estnmted tlgantleedostt h e g
of replacing allwater mains in the U.Svould run to $348 billionEngineers 2000 Although

the fedeal government has spent more than $71 billionvatertreatment programs since 1973,

t he nat i watedsgsterhsstill@abeCenormous infrastructure funding needs in the next 20
years to replace pipes and other constructed facilities that have edcterr desigrlife

(Engineers 2000 With billions of dollars being spent yearly for water infrastructure, the
systems face a shortfall at leas $21 billion annually to replace aging facilities and comply

with existing and future federal regulatiaiVgIN 2000).

Monetary investment alone will not resolve this dilemma; it must be met with a new approach to
sustainable water infrastructure engineering and management. There is a criticahesisco
between the methodological remedies for infrastructure renewal problems and the current
sequential or isolated manner of renewal analysis and execution. These disconnect raenifests
in need for a holistic systems perspective. New tools are ndedeabvide the intellectual
support for utility assets decisions necessary to sustain ecogoowth, environmental quality

and improved societal health.

1.1 Motivation for the Proposed Researchand Problem Statement

A report on global water resources state i wat er needs to rise up t
di scourseo in which governments nefakgrave addr
human, environmentand economic consequendc®galzer 2009. This article also commented

1



on the reporfiCharting Our Water Futurewhich discusses that in 20 years the water demand
will be 40% higher than itis today and more than %0higher in rapidly developing countries
(Group 2009.

The amount of water lost through leaky pipes due to deteriorated distr#sution networks is a
concern due to its impact on the water pipe system and envirojffeoa 2001 As stated in
the fiFacts Center for Advancement of Trenchless Technologies from Waterloo, Ontzfriai]
water produced, approximately @50of it is lost or unaccounted for in the distribution system.
These losses are due to leaks and watetipglereaks. It was found thatreduction of water
losses from 2% to 10% would result in a savings of approximately $380 million per yBaker
1997).

Countries are also faced with the increasing economic pressures to satisfy the requirements of
regulatory compliance. For example in the U.S. the Environmentéddon Agency (EPA)
implemented the Safe Drinking Water Act (SDWA) which protects the public health by
regul ating the nationds public drinking water
years which have enhanced the law recognizing the sotikgater protection, operator training,

funding for water system improvements and public information as all important components of
providing safe drinking water to the public. Today, many water authorities are looking beyond

the traditional maintenanceqgrams for their water distribution system and are implementing
proactive strategig®e Silva et al. 2006

From the increasing water damd and regulatory compliance to the accumulation of damage

and gradual degradation of components the water infrastructure system is in need of critical
attention(Dehghan et al. 2008 Wat er uti l i ties have found t ha
component failso is not the best option sinc
affeds customer satisfaction and the environnfeaganathan 2002

Drinking water plays a critical role in every asp of civilization: agriculture, industry,
economy, environment, reation, transportation, culturand health. While clean water
conditions remain an elusive luxury in many parts of the world, we, as Americans, take them for
granted. Mu e Hinkiog watérrmé&astructuaedowever, is old and deteriorating. A

crisis looms as our demands on these systems increase. The costs associated with renewal of
these eroding systems are staggering.

In particular, one of the key focuses of water pipe itfuature assets are on metaitaterial
pipelinesdue to their vast presenae a result to their wide acceptance and availability during the
bulk installation of the water infrastructure systen@@verall, e miles of pipe installed within

2



the U.S. forlarge water distribution systems totals roughly around 600,000 rfAMANA

2005. Previous studies have gone further in classifying the total miles of pipeline installed by
pipe material. A diagram illustrating the miles of pipeline per pipe materiaigygaen in Table

1. As shown, roughly 60 to 70% of the U.S. water infrastructure is made up of ferrous materials.
The remaining percentage constitutes asbestos cemersirggsed concrete, glass reinforced
pipe, polyethylene, polyvinyl chloride and otimaaterials.

Tablel: Water Network by Pipe Material (Adapted from EPA Refi@ondition Assessment of
Ferrous Water Transmission and Distribution SystéFhemson 200§

Water IndUsty V\/atgr://Stats 1996 Watgr://_Stats 2002
Source of Data S Distribution Survey | Distribution Survey
(b) (©)
Utilities Responded/Surveye 1,097/3,000 898/3,200 337/3,000
Response Rate 37% 28% 11%
Pipe Material Miles Percet Miles Percent | Miles Percent
Installed| of Total | Installed | of Total | Installed | of Total
Cast Iron 341,175 39.6 155,038 41.3 71,472 354
Ductile Iron 189,115 21.9 81,119 21.6 45,004 22.3
Steel 34,047 3.9 16,415 4.4 7,821 3.9
Asbestos Cement 136,196 15.8 56,360 15 30,484 15.1
PreStressed Concrete 23,584 2.7 15,921 4.2 4,774 2.4
Glass Reinforced Plastic 665 0.08 422 0.1 NA NA
Polyethylene 3,349 0.4 1,318 0.4 1,377 0.7
Polyvinyl Chloride 114,152 13.2 42,125 11.2 29,835 14.8
Others/Unknown 20,169 2.3 6,719 1.8 11,391 5.6

Not Available (NA) (a) (AWWARF 1992, (b) (AWWARF 1998, (c) (AWWA 2004)

Overall, our water infrastructure network is in dire need of new tools to provide the intellectual
support for water infrastructure decisions necessary to sustain ecogmwith, environmental
gualty and improved societal health. Our current water infrastructure is declining at an alarming
rate and priority must be given to these assets that are in critical condiieveloping an
efficient prediction modetan providea fast am reliable decisinrmaking toolthatis needed to



handle the large volume of deteriorating buried pipeline infrastructure systems, particularly
drinking water pipelines, which pose serious threats to the envirorinteey fail.

1.2 ResearchGoals

The researchoalsto be addessed are

1. To develop anovel fuzzy inference modefor drinking water pipeline performance
prediction

2. To provideaframework for deterioration predictidn determinethe remainingphysical
life of drinking water pipelines

1.3 ResearchObjectives

Accurateprediction of water pipe structural and functional deterioration plays an essential role in
the utility asset management process and capital investment planning. A key to implementing an
asset management strategy is a comprehensive understanding obadgetn and performance

and how asset condition and performance changes over fithe. primary objective of this
research is therefore to devel@p novel performance index for drinking water pipelines.
Secondly, a framework is set forth for the develept of deterioration curvder predicting the
remainingphysicallife of drinking water pipe asset§pecifically, he water pipe performance
modelwill be designed taspecificallyanalyze metallic material pipeliasince they entail the
majority of ingalled drinking water pipelines in the U.Sas shown in Tabld.. Overall, this
research aims to provide an integrated view of the emitallicpipe infrastructure process.

Performance assessment and deterioration modeling are rapidly beconnmicgeasing part of
life-cycle asset management activities in th&.Un this research a totalystems approach will
be taken forthe development of a deterioration model for predicting the remaptiggicallife
of metallicwater pipes.Theproposed reseamnawill focus ondefining the following objectives

1. Summarizing the literature and current practice related to condition curves and failure
models.

2. ldentifying critical parameters arabllecting allrelevantdata related in determining the
performance of drinking water infrastructure system.

3. Developing afuzzy inference modefor predicting the performance oindividual
drinking water pipkne sections (node to node)

4. Evaluatingthe developdperformance indexsing artificial, field and lab data

5. Providing a framework fordeteriorationprediction to determinéhe remaining physical
life of water pipdéine assets.



A comprehensive literature review on the variety of condition and failure models will aid in
understanding th&arioustypes of mathematical modelvhich are currently available. This
backgroundcoupled with a current practice review can help to identify the gap between the
models found in literature and water utility asset management practices.

In developing a performance index it is importantutmerstand théfecycle andvarious failure

modes and mechanisms for each particular pipe material. Parameters which may lead to these
failures can affect a pipeline whether thag physical pipe prop#ies, the external environment

or operational facts. Within this dissertation a section highlighting théerent lifecycles and

specific failure modes and mechanisms will be presented for each pipe material Agpe.
extensive lisof all parameters which influence the pipperformance level are alsncluded in

a data structure

Through extensive analysis and assessment of existing methodologies in determining the
condition and/or failure of a water pipeline and the evaluation of the current utility practice, a
drinking water performance index fametallic pipelines will be developed based on the fuzzy
inference methodology. Overall, implementation of the fuzzy inferencmethodology
incorporates engineering judgment in order to predict infrastructure deterioration where data is
scarce, causeffect knowledge is imprecise and observations and model criteria are expressed in
vague or i (Burrz 20§90 Tot demonstrate the capabilities of the fuzzy inference
method, a weighted factor performance model will also belogsd.

Water infrastructure is a complex system that is comprised of many variables that can have an
effect on the overall condition and/or performance of the pipe. Considering the extensive
variables, the methodology selected needs to be able to adooanlarge amount of data. In
particular, the fuzzy logic methodology is capable of handling any number of input and output
variables. This methodology also has the ability to allow users to essentially model parameters
in separate modules before cambg them into a single performance index which can help
target areas contributing to low output values.

The main concept of fuzzy logic is that it is made up of memberships that have a continuous
grade that can account for the uncertainty in an eventh e current understanding of our

water infrastructure and how the parameters affect the pipe, it is not appropriate to measure the
performance of a pipeline using a binary set thesugh as the weighted factor methiodywhich

the member either belga to a set or does not. Currently our water infrastructure knowledge can

be vague in terms of how various parameters affect a pipe, especially when evaluating differing
pipe materials. Researchers and utility personnel typically only have an inclinhto@ntain
boundaries the role of the parameter may take on. With imprecise categories, the vagueness and
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ambiguity of the parameters can be efficiently managed utilizing the fuzzy logic membership
functions.

Currently the water infrastructure data ashble from water utilities is very limited and many
fields are unpopulated due to the difficulty in obtaining data owing to its physical underground
location and poor historical records. However, many variables can be derived indirectly,
downloaded througlonline databases and/or quantified using an educated guess. Since fuzzy
logic approximates the variables into membership functions the imprecise data can be handled
since it avoids abrupt changes from one discrete output state to another when the input is
changed only marginall{Sivanandam et al. 20D 7Therefore, inconsistency in the data can still

be accounted for utilizing the fuzzy logic methodology.

Fuzzy logic also has the ability to describe systems linguistically throttgknfrule statements
(Sivanandam et al. 20n7 Application d the rule statements allows for utility and expert
knowledge and interrelationships between parameters to be modeled which is improbable
utilizing various other methodsuch as the weighted factorincorporating utility and expert
knowledge can prove tbe very valuable as much of this comprehension of the infrastructure
system is not documented.

Overall, with the uncertainties and imprecision in utility data due to lack of a historical database
and ambiguity in theeffect of pipe parameters have in detening the condition and/or
performance, a method needs to be employed that can account for these impediments. Current
utility and expert knowledge is also crucial as much of our infrastructure is just starting to see the
major effectof pipeline deteriation. The use of the continuous membership functions and rule
statements within the fuzzy logic methodology demonstrates to be well suited in generating
water pipeline performance values.

A solid evaluation process for the performance index is nagessallustratethat the model
developed is substantial and can dgplied universally. By testing the various limits of the
model and applying it to a utility database a confidence level can be achieved. rrorghkb
testing is presented to relateetremaining structural capacity to the performance level predicted.

Subsequent to the development of the drinking water pipe performance oetexioration
curvesare developed to model théespan of pipeline assetsSpecifically, the deterioration
curves aregenerated utilizing a Markov chain methodology which is a distiret stochastic
process. Within this probability theorihe stochastic process has the Markov property if the
conditional probability distribution of future states of the precgsven the present state and all



past states, depends only upon the current state and not on any pasfT$tatespected value
method will be utilized for the estimation of the transition probabilities.

1.4 Organization of the Dissertation

The dissertadn is organized in the following manner:

Chapter 2: Literature Review - This chapter presents a thorough literature review on water
pipe condition/failure models which highlights over 50 articles published over the past 10 years.
Also highlighted is a auwent practice review which aids in gauging the gaps between the
available mathematical models and current utility practice. Finally this chapter concludes with
the contribution of the proposed research and how the proposed work is differentiated from
previous work.

Chapter 3: Water Pipeline Performance Data- This chapter provides a brief overview of the
predominately used water pipeline material s.
and failure modeand mechanisms @esentedlong witha comprehensive data structuisting
all the parameters that can affect the performance level of a water pipeline

Chapter 4: Development ofa Water Pipeline Performance Indexi This chapter provides the
methodology for theveighted factor and fuzzyference models the development of aovel
water pipe performance index foretallic pipelines. The resultant performance scale along with
a reliability index is presentedResults from pilot study are used to evaluate the performance
index.

Chapter 5: Water Pipeline Performance Index Evaluation& Framework for Deterioration
Prediction T This chapter provides methods used to assesseasde that thedeveloped
performance indexand its impementation to a real world database are correct. This is done
throughthe evaluation oértificial, field and lab dataAlso, a framework is provided that utilizes

the predicted pipe performance results to aid in the development of a pipe deterioration
prediction model.

Chapter 6: Conclusions and Limitations - This chapter will assess the overall reseamoklist
the limitations of the developed models

Chapter 7: Future Recommendations’ The concluding chapter will providecommendations
for futuremodel development



2 Literature Review

Data and reports on reasoms pipe failure began to appear after the 1940s. After the 1960s,
changes in pipe materials and methods added to the complexity of the prediction problem. In the
last three decades, only a few research teams have reported on main break causes and predictio
Most reports present analytical ideas, but ldekdbases of actual break records. A number of
different mathematical functions have been fit to main break data, but the datasets lack the
integrity needed to yield consistent results.

This chaptepreents the theoretical background dime different types ofondition curves along

with a stateof-the-technology literature review and current practice review on condition curves

and failure models in order to gauge the gap between the models founchtarigemnd the ones
found in todayds cur r ent-of-thatécenologywliteralure teyiewp r a c t
provides a comprehensive overview of research work carried out since the year 2000 to develop
failure and deterioration models for water @p&he stat®f-thetechnology current practice

review provides a comprehensive overview of several current utility practices related to failure
and deterioration models for water pipes. Nine utilities in the U.S., Australia and Canada with
significant advities of water pipe infrastructure management participated within the study in
order to gauge todayods curr entTheachapterrconalutdes!| i t y
with a section discussing the body of knowledge that will be affected by Hsaroh and how

the proposed research is differentiated from previous work.

2.1 Theoretical Background

It is very difficult and perhaps impossible to establish a universal, reliable performance
deterioration curve for use in all regioAg/pes of deterioratiomodels available for predicting

the condition and performance of water pipes can be grouped into the following six categories:
deterministic, statistical, probabilistic and advanced mathematical models which consists of
artificial neural networks (ANN)fuzzy logic and heuristic. The input parameters and output
results of pipe deterioration models are heavily dependent on the type of methodology chosen.
Each type of deterioration model is summarized in the following subheadings.

2.1.1 Deterministic Model Approach

Deterministic modelsare commonly used in instances where the relationships between
components are certain. There are two different approaches in which a deterministic model may
be developed: empirical and mechanistic. The empirical approackiamuhistic modeling,
relates failure rates to the attributes of the asset. This approach is only applied to cohorts of
pipes. The mechanistic approach, on the other hand, predicts the service lifetimes of individual



assets. Specifically, the meansdefgradation and failure modes and mechanisms of the asset is
well understood when considering this appro@détgyuhart 210).

Deterministic Model Approach:

T

2.1.2

The majority of the existing deterministi@sed models may be classified as structural or
functional performance models and primary response models.

It can predict an average single value of a dependent variable.

It can be broken down intevb categoriesmechanisti@andempiricalbasedon which
dependent and independent variables are included in the models and how their
relationship is established.

Most of the existing prediction models have been developed througtssean analysis,
combined mechanistiempirical analysis and opinions from experienced engineers.
The problenmwith deterministieoriented prediction models is that the applicability of
each individual model is restricted to a specific location.

Statistical Model Approach

Statistical modeling is commonly used to predict lifetime or failure time of infrastructure
(Lawless 198p Specifically, statisticsare utilizedto developeda model from observed data in
order to serve as a tool or mechanism to describedditee(Hahn and Shapiro 1994 The
statisticalmethodology is typicallyapplied to asset cohorts that have recorded historical failure
or conditiondata. Applicability is limited when considering newer assets or assets with an
insufficient historical database.

Statistical Model Approach:

T

= =4 =4 A

In regression models, the dependemtalde of pipe condibn or other indicators is

related to one or more independent variables such as soil, thickness, load, etc.

Pipe infrastructure data arequired to predidhefuture condition

Condition of piperanking is required to preditture condition

Applied to homogenous grosipf pipe infrastructure systesn

One of the common features among different types of statistical models is that they are
all based on a large number of letegm observed field data and processed through
regression aalysis.

In many cases, the regressioa@ised approach is not suitable for modethactual
deterioration process of pipe infrastructaigcethe sampling data used in the regression
analysis suffers from various limitatiorsjch as pipe structure, load and

environmental variables.



2.1.3 Probabilistic Model Approach

Probabilistic modeling analyzethe probability or relativefrequency of an event occurring
(Creighton 1991 The likelihood of these occurrences is practical to describeathee of an
asset.Specifically, he probability of arevent to occur is denoted by a 1; while the probability of
an event which cannot occur is 0. All other probabilities must lie within tig [Oterval
(Mitrani 1998. Condition data and asset attribute information is required in modeling the
probability of failure.

Probabilistic Model Apprach:
1 Predicsa distribution and range of values for dependent variables, such as pipe condition
state vectors.
1 Commonlyutilized in pavement, bridgend other infrastructure network management
concerning repair, rehabilitaticaind replacemerfR,R,&R) priority programming.
1 The model idasedn extensive data.

2.1.4 Artificial Neural Network Model Approach

Artificial Neural Networks(ANN) is a methodused tomodel the deteriorationor failure of a

pipe infrastructure A neural network is comprised ofterconneted processing elements often
referred to as fin e uprovides tesult Bachtelement is kelativedy gimpleh e r
in nature, but can become very complex whearconnectingnultiple networks(Landau and
Taylor 1998. When properly trained, the ANN model mimics the functioning of the human
brain through pattern recognition and generalization capabi(itiegireddy and Bron 2009.
Overall, thismethodology provides a useful tdolr modeling asset deterioration or failudae

to its nonlinearity, adaptivity and learning capabilifiglslykin 1994.

Artificial Neural Network Model Approach:

1 The immense capabilities of the human brain in processing information andgmakin
decisions, even under very complex circumstances and under uncertain environments,
have inspired researchéosmimicthe computationabilities in ANN

1 The topology corresponds to the ordering and organizing of the nodes from the input
layer to the oyiut layer of the network. In fact, the way the nodes and the
interconnections are arranged within the layers of a given ANN determines its topology.
The choice for using aigen topology is mainly depends dmetype of problem

1 Increasedevels of skill and trainingarerequired to develop these complex networks and
subsequentlyrain these networks; otherwjsewill be afiblack-boxo approach.

1 Qualitylabeled data aneequired for supervised training and ghicting the future
condition
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2.1.5 FuzzyLogic Model Approach

Fuzzy logic is a mathematical method used to deh systems providedvith inexact
information or uncertainty. Variables are assigned a degree of membership on a continuous
interval [0, 1] and are subjected to approximate reasanirsgway tle human brain functions
(Sivanandam et al. 20D7Fuzzymethods are recognized to handle systems that are subjected to
uncertainties, ambiguities and contradictiongr general this nonlinear modeprovides an

expert rule based systeoapable of imitating the human thougbtrocess(Siler and Buckley

2005.

FuzzyLogic Model Approach:
1 Applied toa number of areas of infrastructure management, such as bridges, highways,
oil and gas pipelireand water pipe networks.
1 Challenges exist in constructing fuzzy rulessstlecting membership functi@sand
determiningthe defuzzification process.
1 This techniguemplementsxpert opinions.
1 Used for systems that asabjectto uncertainties, ambiguities and contradictions.

2.1.6 Heuristic Model Approach

The heuristic mode are more common fanfrastructure problemthat are not wll understood.
The modelproduces suioptimal solutionsand is developed through subjective opinion from
experienced field engineers and experts.

Heuristic Model Approach:
1 Method to illustrate failure risks with limited or no pipe data.
1 This technique is structured way of capturing expert opinions.

2.2 Review of Articles

Pipe infrastructure asset management normally requires significant levels of models and data to
predict the condition and performance of pipe systems. Deterioration models for predicting
condition and performance of water pipes can be grouped into the following six categories:
deterministic, statistical, physicaBNN, fuzzy logic and heuristic. Thisectionprovides a
comprehensive overview oécentresearch work carried ootver the pasiO yearsto develop

failure and deterioration molde for water pipes. Altogether, more th&@ articles were
reviewed in their entirety. This report complements tiygeps and reports by Kleinand Rajani

(2007 and Rajani and Kleing2001) which reviewed articles published before 2000
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2.2.1 Deterministic Models

There are 13 articles publishedgardingthe use of deterministic models for water pipe
condition/performance assessment and prediction modelirsgminaryof determinstic models
is shown in Table.

Description: Rajani and Kleine(2001) provided a comprehensive review of the structural
deterioration of water mains using physically based mqugiéished untithe year2000 The

article was aimed at providing a review of articles that use deterministic models but also includes
probabilistic models that deal with uncertainties in defining the deterioration and failure
processes.

Table2: Deterministic Models

References Article Title Prediction Type
Rajani & Kleiner Comprehensive Review of Structural Deterioration of Review of Deterministic
(2001 Water Mains: Physically Based Models Models
Rajani & Makar A Methodology to Estimate Remaining Life of Grey CasRemaining Service Life
(2000 Iron Water Mains
Rajani et al (2000 Investigation of Grey Cast Iron Water Mains to Develog Remaining Service Life
Methodology for Estimating Service Life
Deb et al (2002 Prioritizing Water Main Replacement & Rehabilitation Prioritizing Replacement

Babovic et al(2002 A Data Mining Approach to Modeling of Water Supply Risks of Pipe Burst

Assets
LU et al (2003 Lifetime Prediction for ABS Pipes Subjected to Combin Lifetime Prediction
Pressure &eflection Loading
Farshad2004) Two New Criteria for the Service Life Prediction of Service Life Prediction
Plastic Pipes
Seica & Packer Simplified Numerical Method to Evaluate the Mechanic Strength
(2006 Strength of Cast Iron Water Pipe
Seica & Packer Finite Element Evaluation of the Remaining Mechanica Strength
(2009 Strength of Deteriorated Cast Iron Pipes
Kim et al (2007 Assessment of Residual Tensile Strength of Cast Iron Residual Life
Pipes
Davis et al (2008 Fradure Prediction in Tough Polyethylene Pipes Using Time to Failure
Measured Craze Strength
Burn et al (2009 Risk Analysis for Pipeline Assefghe Use of Models for Lifetime
Failure Prediction in Plastics Pipelines
Daviset al (2009 Long Term Performase Prediction for PE Pipes Lifetime
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Model Description: Rajani and Makar2000 presented a methodology that estimates the
remaining service life of grey cast irg@l) water mains by evaluating how corrosion pits affect

the structural capacity of a pipe. The residual resistance capacity, anticipated corrosion rates and
corrosion pit measurements are evaluated in order to predict when the factor of safety (FS) will

fall below a minimumrequirement The FS is correlated with the remaining service lifetime,

which can be used to schedule appropriate maintenance and the replacement of water mains
This methodol ogy and case st udegtgation ofdsleg@astpr es e
l ron Water Mains to Develop a Reanhebatl20000gy f or

The proposed methodology establishes a base condition and an iterative procedure to estimate
the remaining service life of pipe segments. Both-ttome and multipleime corrosion pit
measurements are evaluated utilizing either direct or indirect measurerAengstimate of the
corrosion rate is based on type of, @e pipe loading and theperationaland environmental
conditions. The pit producing the shortest remaining service life within the pipe segment is the
principal factor in determining the prityifor repair or replacement.

A case study was presented to validate the proposed methodology. Results fromtiime one
measurementdlustratingthe FS vs. the remaining service life with two diameter sieswed

that smaller diameter pipes are mdikely to suffer breaks earlier than larger diameter pipes
since the size of the corrosion pits significantly influences the structural resistance of water
mains. The multiplegime measurements were evaluated using a plaliroénsionleswertical

load vs thedimensionlessnternal pressure, illustrating how the stress states for each corrosion
pit move towards the ultimate failure envelope from one inspection to another oveittinvaes
recommendethatfurther analysis should be performed to validhte proposed methodology in
order to identify model limitations.

Data Requirements This methodology analyzes specific pipe sectidren samples to
determine the structural resistance capacity and the residual tensile strength. Characteristics
colleced for the pipe, soil, and operating conditions consistpipé diameter, thickness,
manufactured year, age, backfill material, native soil, trench depth to crown, backfill weight
density, pipe laying condition, load factor dependent on laying condifoggsure, surge
pressure allowance, water temperature, frost load factor, impact traffic factor, wheel load, traffic
reduction factor, bursting tensile strength, tenstiength, ring rupture moduluand fracture
toughness Parameters used to describe tlrrosion model include soil pH asdil resistivity

Model Description: Deb et al (2002 presentd a mechanistic model based on analyzing the
growth of corrosion pits on CI pipes, thesultant loss of wall thicknessd the reduction in pipe
strength over time. The mechanistic model presented four main objectives: (1) estimate the
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residual strength of the pipe , (2) determine maximum load$iichvwwhe mains are exposed, (3)
determine aSF for each pipeand (4) prioritize water mains for replacement based on the
calculated SF for individual pipes. The SF is calculated by taking the residual strength of the
pipe as a function of remaining pip&ll thickness divided by the maximustress subject to the

pipe

The model developed within this project was tested with the Regional Municipality of ©ttawa
Carl etonbds (RMOC) dat abase; however, the res
statisti@al significance. Soil type was recognized as the predominate factor that could predict the

SF for pipes. This methodology primarily focuses on the external corrosion occurring from
corrosive soil; therefore, internal corrosion and corrosion due to suagnts are not
considered. This method is not meant to be used as a predictor of water main breaks.

Data Requirements This methodology analyzes specific pipe sectifstosn samples to relate

the pipe wall thickness to the modulus of rupture, tensiength, ring modulus and fracture
toughness.The SFO6s were calcul ated based on ring
stress combined ring and hoop streaad combined tensile and bending stre#éodel data

inputs consisted of pipe identifigan, region, soil class, material type, analysis year, pipe type,
diameter, year installed, length, traffic type, workprgssure, depth, pavement tygoed beam

span.

Model Description: Babovic et al (2002 presented scoring models and Bayesian networks
which are advanced data mining methods that are used in the modeling of water supply assets to
determine therisks of pipe bursts. The primary purpose of risk assessment models is to
incorporate each factor thistresponsible for an increased risk of pipe failure. In modeling pipe
behavior, scoring models present similarities or associations between inputstpuis. Each

case is assigned a score or value and is then grouped by the same or similar scores. The number
of cases in where a pipe burst occurred or did not occur is counted. The measure of the quality
of a scorethrough groupingis quantified by ging the coefficient of concordance (CoC).
Bayesian networks use the concept of deterministic modeling but take into account the
uncertainties. A Bayesian network is modeled by constructing a graphic model of arcs pointing
to random variables that illuste probabilistic dependence of variables affecting other variables.

Both of the advanced data mining methods presented in this report are applied using a
Copenhagen Water case studfdurst rates in different classes of pipes were analyzed. A
sensitivty analysis concluded that the number of previous bursts was the main predictor in this
study. In comparing scoring models to Bayesian networks, the CoC concluded that scoring
models provided a lower maximum burst risk but were able to classify a mighdrer of cases
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correctly. A limitation of scoring models is that they are driven entirely by;daitée, Bayesian
networksapply theoretical knowledge in addition to daththe model is data driven, the model

is solely based on the quality of the alatsed. This study is only an introduction to asset
management; therefore, both the scoring models and Bayesian networks need to be further
investigated to provide a reliable model.

Data RequirementsVariables included within the scoring model are pipstallation year, pipe

age, number of bursts, number of houses where the pipe starts andipadiameter, length,
materialand the traffic frequency. The Bayesian network model estimates the history of the pipe
along with three limited state functisnincluding hoop stress limstate, shear stress limit state

and fatigue limit state. Variables included in the Bayesian network included pipe depth,
installation method, pipe material, mean diameter, thickness, age, age of last burst event,
previousrepairs, rainfall, temperatuend soil type.

Model Description: Lu et al (2003 presented a linear fracture mechanics approach for the
determination of pipe lifetime prediction. This approach is specifically used in order to analyze
brittle failure initiating from flaws located at the surface of acrylontHilgadienestyrene (ABS)
plastic pipes. The model proposed utilizes a lineartdracmechanics approach for the
determination of a pipe lifetime. Within this methodology, stress intensity factors are established
and are associated with pressure, deflection and residual streasetb@tnbined to determine

the net total stress at tbpening of a flaw.

Having established the stress intensity fac{@B-9, an algorithm to predict pipe lifetime is
utilized. A time marching loop ihenused to simulate crack growth until the SIF developed by

the structure is equal to the currentcftae toughness of the ABS material. Additional fracture
mechanics approaches using fracture toughness and stress rupture lifetime is used to validate the
lifetime prediction method.

A pipe section was utilized to verify the results, and it was condltik the predicted failure

times were in agreemewith experimental resultsin every instance, the fracture toughness was
exceeded before the crack propagated through the pipe wall. Factors controlling pipe lifetime
were also singled out and evaluditesoil deflection and initial flaw size, fracture toughness and
slow crack growth resistance, and residual stress. Some areas of improvement stated within this
article included examination into the crack tip process zone, numerically computed SIFs, flaws
in service, point loads and fatigue and pipeline networks.

Data Requirements Parameters describing the slow crack growth were determined from a
logarithmic plot obtained from &C ringd test by means of a pipe samplélhe fracture
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mechanics approadh the determination of a pipeline lifetime considered factors ssaqbipe
wall thickness, diametemnd internal pressure.

Model Description: Farshad2004 proposedwo new criteria for the service life prediction of
single layer and multilayeplastic pipelines under pressure: the ultimate strain extrapolation
method (USEM) and the distortion energy extrapolation method (DEHEMg process of both
methodologies includes performing internal hydrostatic pressure tests, creep tests to determine
the creep modulus and calculation of the hoop stress. The USEM and DEEM is then determined
by relating the creep modulus and the calculated hoop strain with the strain and distortion
energy. Following a regression analysis is applied to determine theelondailure strain as a
function of time.

Sample data from a PO pipe was included within this study to verify the proposed methods.
Overall, thregegressiomodels were employed based on stress, strain and erfieRegults were
analyzedoy comparinga classical standard extrapolation method (SEM) with the ultimate strain
and energy methodsln all casesthe independent model was agreementvith the modified

SEM analyses Conclusionsproposedthat theUSEM appeared to be suitable for brittle and
fiberreinforced materials that fail due to an ultimate strained state rather than applicability of
maximum stress The DEEM issuggestedo be applicable to a broader range of material types.

Data RequirementsA pipe sample was utilized to relate therious models to one anothérhe

USEM method analyzes strain, including variables such as hoop stress and ttlepimeent

creep modulus, while the DEEM method analyzed the distortion enargydod on Poi s s on¢
creepmodulus in reference to tinand the stress at failure.

Model Description: Seica and PackgR006 examineda numerical strength evaluation method

that is able to predict th&trength of ClI pipeas a result ofongitudinal bending. The main use

of this method is implemented with CI pipes that experience no corrosion and/or uniform
corrosion. The proposed section analysis method evaluates the cross section of the pipe, which
is divided into a number of horizontal Sstrips
calculate for the corrosion pits by using a fictitious pipe wall thickness based on the amount of
material lost due to corrosion. Using the section analysghad, linear and nelnear finite

element analyses were perforntédt were purposely employed in order to compare and verify

the resulting failure loads. This finite element evaluation is also presented within the article
AFi nite EI emetha RefrBammd Meahanical r5trength of Deteriorated Cast Iron

Pi p @sica 2001
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Six CI pipes were utilized in this study to estite the bending strength under a fpamnt

bending load condition. In a comparison of the section analyses to the finite element method, it
was shown that the nonlinear section analysis provided similar results to the finite element
analysis, which was contrast to the linear analysis. In certain cases, it was illustrated that the
section analysis method in comparison to the finite element method tended to overestimate the
strength of pipes that had deep and/or localized corrosion pits and pip&stevital defects. As

this method uses a smear approach, the analysis method is not accurate for pipes that have deep
and/or localized corrosion pits and pipes with internal defects.

Data Requirements:Cl pipe samples were tested to estimate the bersiieggths. Variables
included within this study are external pipe diameter, pipe wall thickness in terms of tension and
compression, total number of strips used in the cross section, tensile stress and strain and
external and internal radius that aredise determine the shift of the neutral axis. Stress and
strain relationshipgere analyzefor compression and tension.

Model Description: Kim et al (2007 developedprediction models for CI pes using the
assessment of residual tensile strength based on pit characteristics and fracture toughness.
Samples of Cl pipes were used to measure the degree of deterioration of pipes, including defects
such as corrosion and pitting, and to analyze dractoughness, the installation environment and
water qualities. The tensile strength approach uses statistical analysis between mechanical
intensity and geometric characteristics of corrosion pitting, while the fracture toughness
approach is applied withSFin order to assess the structural stability of the pipe.

Results illustrated thahe proposed models using tensile strength and fracture toughness of ClI
pipes successfully estimated the residual life of water pipes. Analysis of the resulte@ropos
that the determination of fracture toughness may be more reliable than considering only the pit
depth.

Data RequirementsSample specimens of Cl pipes were utilized to assess tensile strengths and
fracture t Rit uchahaoteristiss 60 tensilepacimens include nominal diameter,
specimen width, gross thickness, average pit depth, net metallic thickness, gross area and net
metallic area. Tensile strengths were computed utilizing the breaking loads and area, while the
fracture toughness was calatdd based on nominal stress, length of notch and geometric factor
by the specimen shape.

Model Description: Davis et al (2008 examinedracture prediction in tough polyethylene (PE)
pipes using measured craze strength from circumferentially-riseped tensil¢CDNT) tests.
This study used an empirical method to predict the time to failure for PE pipespradsure
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and deflection loads. Thwaze strength iselated to the reference stress by the calculation of a
craze stresssing the CDNT test The reference stress employeithin this model utilizeghe
current load and the rigiglastic collapse loadfdhe componentas well asyield stress. The
craze stress versus the failure time data is then used to predict the time to crack initiation.

The predicted mdel vs. actual observations wasmpared utilizing five types of PE pipes.
Overall, this craze nuel tended to slightly underestimate the time to failure of the specimens
compared to the actual craze stress failure time. Further analysis included quantifying the effect
of additional constraints, such as pressure/deflection tests. Additionally, ddel ranly
predicted via craze failure initiation of the time to crack and did not account for the time
following (i.e., the crack growth to failure).

Data Requirements:Sample specimens were required and needed to be remolded accordingly
for the CDNTtests. Variables for the specimens consisted of outer diameter, thickness, pressure,
deflection, initial crack length, actual failure time and predicted failure time.

Model Description: Burn et al (2009 also examinedthree approaches that can be used to
analyze plastic pipelines to determine the lifetime of the material: linear elastic fracture
mechanics (LEFM), elastic gstic fracture mechanics (EPFMnhd craze mechanics theory.
Based on t hese wgsamenterderia WAs used ¢oraltp@w the paropes selection of

one of the three lifetime prediction methodologies. The LEFM theory evaluates the fracture
process by taking into account the SIF and the toughness of the pipe material. The EPFM theory
accountdor the nonlinearity in material deformation and for crack blunting that can occur prior

to crack initiation. The final theory described within this article used craze mechanics to
calculate the stress within a material. This methodology and caseistaldg presented within

the artiTeren Peomngr mance P@Dad00X i on for PE Pip

These theories were applied to six plastic pi
selection for the materials using the EPFM theory, each crack tip was evaluated by plotting the J
integralvs. the crack growth. Overall, theRJcurves were very close to the themadtblunting

line, indicatingthat crack growth is related to crack tip blunting. Therefore, the EPFM theory

was not applicable. It was shown that the newer PE materials warafltarge craze zone at the

crack tip where LEFM and EPFM theories are not applicabl thus,the craze mechanics

theory must be applied. Further analysis of this method may be necessary to obtain validated
results in terms of an appropriate defect sind failure time with respect to the level of heat
stabilizer.
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Data Requirements:Coupon samples of PVC and PE pipes are utilized in determining crack
growth rates on applied SIFs and time dependent craze strengths.

Summary of Deterministic Models

As this literature review illustrates, there are two types of deterministic models: empirical and
mechanical. The key difference is that the mechanical models are primarily developed to predict
the service lifetime of individual assets, while empirical mogedslict failure rates afetworks

The limitation in using deterministic models is that the applicability of each individual model is
restricted to a certain location and related factors. In general, deterministic models are unreliable
in ascertaining ipe behavior under various environmental conditions and in quantifying the
factors or parameters that affect the rate of pipe deterioration. Empirical raceletsy applied

to homogenous groups of assets, while mechanistic models are normally appheditual
assetg¢Burn 2009.

The deterministic models presented in this report primarily entailed the use of laboratory tests
and sample specimens to acquire the information needed. These techniques are difficult to
implementin an entire water pipe system, and samples provided would only represent a certain
section of the pipe. As a result of laboratory testing, special tests are needed to determine the
different properties of varying materials. However, many of the metpagssed within the
articles can only be used for one type of pipe material. The deterministic methods are simple in
nature and are not able to account for such complexity asimfarm corrosion in metal pipes

or various environmental and operationélesses. It should be noted that very few pipe
parameters are often utilized within this type of analysis. Overall, deterministic models are very
site-specific and an entire system canly be generalized if the conditions remain the same
throughout thesite.

2.2.2 Statistical Models

There are 4 articles published on the use dtatistical models for water pipe
condition/performance assessment and prediction modeling. A sumnthgstdtisticalmodels
is shown in Tabl&.

Description Kleiner and Rajan{200]) provided a comprehensive review of the structural
deterioration of water mains using statistical models. These models utilized historical data based
on past inspections and failures to quantify structdesérioration in water pipes. This article
provides a thorough review of how these models evolved. Models reviewed are published from
1980 until 1999.
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Table3: Statistical Models

References Article Title Prediction Type

Kleiner & Rajani (200) Comprehensive Review of Structural Deterioration of Water Review of

Mains: Statistical Models Statistical Models
Le Gat & Eisenbei€2000 Using Maintenance Records to Forecast Failures in Water Failure Rates

Networks

Methodology for Economically Optimal Replacement of Pipe Optimal
Park & Loganathax2002 in Water Distribution Systems: 2 Applications Replacement

Threshold Break Rate for Pipeline Replacement in Water Optimal
Loganathan et a(200) Distribution Systems Replacement
Pdletier et al (2003 Modeling Water Pipe BreaKshree Case Studies Break Rates
VanrenterghenRaven Risk Factors of Structural Degradation of an Urban Water Break Rates
(2007 Distribution System

The Impact of Pipe Segment Length Break Predictions in
Water Distribution Systems

Kleiner & Rajani(2008 Prioritizing Individual Water Mains for Renewal Break Rates

Poulton et al(2007) Break Rates

Berardi et al (2008 Pipe Deterioration Models for Water Distribution Systems Failure Rates

The Use of Datdriven Methodologies for Prediction of Watel
and Wastewater Asset Failures

Wang et al (2009 Prediction Models for Annual Break Rates of Water Mains  Break Rates

Using Water Main Break Data to Improve Asbganagement
for Small and Medium Utilities: District of Maple Ridge, B. C
An Assessment Model of Water Pipe Condition Using Bayes Deterioration
Inference Rates

Pipe Break Prediction Based on Evolutoy DataDriven
Methods with Brief Recorded Data

Savic(2009 Failure Rates

Wood & Lence(2009 Break Rates
Wang et al (2010

Xu et al (201) Break Rates

Model Description: Le Gat and Eisenbe(2000 presentedhe use of maintenance records to
forecast failures in water networks based on statistical survival analysis for various pipe
materials. The maintenance records used within this study are mdaetedarious utilities

that have shortand longterm records. To calculate the number of failures in the pipes based on
the statistical survival analysis, the Weibull Proportional Hazard Model (WPHM) was ajpplied
the modelto predictthe times to failee. The survival function$S was applied and took into
account the components ttaifect the pipe with relation to time to failureThe failure time
corresponding to the given survival probabilisydetermined. The Monte Carlo simulation is
used to @l in the prediction of the number of failures.

Using maintenance records, this paper presents two case stGhiasenteMaritime and
Lausanngwhich are used to compare the forecasted to the observed failures. The Charente
Maritime study predicted redalthat coincided with the observed number of pipe failuheshe
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case of thd.ausanne stugyhowever,the modelunderestimated every forecasted failure. The
underestimated forecasted failures frhralatter studyaredue to the increased pipe degraaia
observed within their site, missing environmentatdexand inadequate recosbf failures. A
section devoted to training and testing of the data was not presented.

Data Requirements:Factors that were analyzed within a Charévitgitime case studyvere

pipe length, age of the pipe, pipe diameter, type of pipe assgnbdil type, level of traffiand

the supplymethods such agravity andpumping. The Lausanne case study, on the other hand,
included such variables as the pipe langliametermaterial, pressurand age of the pipe. In
order to evaluateach ofthese case studies, each utility was separated based on the type of pipe
material. Within the types of pipes, groups were then formed depending on the number of
previous failures (NOPHi.e., no previous failures or one or more previous failures).

Model Description: Park and Loganathg2002 presentec mettodology using threshold break

rates in conjunction with failure prediction models in order to determine the optimal replacement

of pipes in water distribution systems. These models consist of exponential, linear break rate and

the Weibull form ofRate ofOccurrence of FailureROCOR. Several examples were provided
illustrating the use of a ROCOF in the break history of a fop#etermine optimal replacement

times Furthermore, the authors analyzed the optimal threshold break rate as a function of the
pipe diameter in conjunction with replacement and repair cdatactical usage of the threshold

break rate is also presented within this article. A similar article presenting this methodology and
exampl es are presented i efortPipadine Repladernentan Waferh r e s h
Di stri but (LoganatBap 8002 ms 0

Optimal replacement time expresssonere obtained by setting the threshold break rate equal to
the projected pipe break rates from the failure prediction models. Results obtained from three
examples verified the accuracy and equivalence of the relationships. The cost data analysis also
provided practical tables that recognized the relationship between the threshold break rate and
the pipe diameter.

Data RequirementsParameters utilized within the article are the number of breaks per 1,000
feet of pipe, base year for the analysis, growté caefficient, annual inteserate, repair cost of
a breakand replacement cost for the entire length of a pipe.

Model Description: Pelletier et al(2003 assessethe deterioration rate of water pipes utilizing
a modeling approach based on survival analysie wharacteristics of the pipe and breakage
history. The goal is to apply a pipe break model that esé&srthe present and future structural
states of water pipes. The proposed maslelsed with minimal data while focusing on the
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number of previous breaks as the main issue. The model proposed employs two distributions for
different break orders, utilizing calibration strategy based on maximizing a likelihood function
that extends the use of survival analysis. The distributions include Weibull, used for the first
break order, and the exponential distribution to describe the behavior of subsequent breaks.
Three statistical functions were used to represent the two distributions: survival function,
probability density funiton and the hazard functio@verall, the Weibull/exponential model was
applied, associating the risk of failure with subsequent breaks

Three case studies from the Quebec mualtips of Chicoutimi, Gatineaand SainiGeorges

were utilized to analyze the proposed model. The survival function was first pasted
function oftime in years for each of the three municipalities. De¢se based on the Weibull
distribution of the pipe failure from installation to first break. The results illustrated that pipes
laid after 1960 have a higher risk of failure comparison to pipes laidrior to 1960 This
discrepancy may be explained lofffering installation methods and material quality. Pipe
replacement scenarios were also analyzed, which illustrated increases in annual pipe breaks for
utilities with and without replacement scenario®ngoing researchwill seek to evaluate the
impact d different risk factors such as pipe diameters and types of materials on the probability of
break occurrenceA limitation of this model is that iloes not consider other pipe deterioration
methods sucls corrosionand only predicts the variability the annual number of pipe breaks
due to the natural gaining of pipes

Data RequirementCollected data variables consisted of pipe diameter, length, type of material,
year of installation, type of soil and land used above the pipe.

Model Description: VanrentergherRaven (2007 evaluateda proportional hazard model
(PHM) to identify risk factors thaffectthe failure of urban water pipes to éoast the number

of pipe breaks. Some concerns in applying this PHM to an urban environment is the presence of
a vast number of relevant environmental factors thatlead to failurethe high left truncation

of the data and erratic factors that may pecffically related to urban areas. The PHM is a
statistical method thas used for renewable processes. The methodology utilizes a hazard rate
function modeled with a WPHM to calculate the number of expected breaks per pipe. This
proposed methodology utilized through a Monte Carlo simulation. The significance of the risk
factors were also identified by running a PHM one variable at a time along with data fitted to the
PHM model to assess the significance of the risk factors.

This model was appliedbta municipality in the urban area of Long Island City in New York.
The statistical significance of every variable included within this study was determined, along
with the expected number of breakdMixed results were concluded when comparing the
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expeced number of breaks to observed breaks. This methodology does not consider the
correlation between breaks and ledk® to other criticalactors such as flow and pressure. The
incorporation of these factors can ultimately increase the potential of ddel raince only
structural degradation was included. section devoted to training and testing of the data was
not presented.

Data Requirements:Pipe variables used within this research included pipe length, diameter,
material andage,and environmentafactors including traffic, subway, location (insection or
block), water zoneand highway. The combined effects of subway and highway, subway and
water, intersection and length, and intersection and traffic were also evaluated. The pipe
material was lassified into subpopulations concerning steel andsteael materials.

Model Description: Poulton et al(2007) evaluatedhe impact of pipe segment length on break
predictionsin water distribution systems. A statistical model utilizing the linearly extended Yule
process (LEYP) was presented that implements break predictions for each segment. Calculations
using LEYP are performed based on an intensity function that depetitis age of the segment
consideredthe number of previous everand the vector of covariates. The described intensity
function includes the influence of previous events in a form derived from the LEYP process, the
influence of agen the form of the Weillll modeland the influence of the covariates represented

in the Cox proportional hazards model.

A case study was conducted to verify the statistical model with data collected from Veolia Water
in France. During the method evaluation, it was found that dase study data included
sandwiched pipes and segments made of different material than the original pipe placed there to
support hydraulic equipment or to make repairs. In order to ensure consistent results, all
sandwiched pipes and segments were abiteid and replaced using a concatenation process.
Results illustrated that the model is not sensitive to short pipe segments. Furthehmore
concatenation process seemed to weakenA t he
section devoted tadining and testing of the data was not presented.

Data RequirementsParameters necessary for the proposed model included pipe diameter,
length, installation year, identification of pipgncerned, date of interventicand type of
incident. Desirable vables included such factors as joint type, reason for incident for pipe
intervention data, soil typeos surface type, traffic levednd water pressure.

Model Description: Kleiner and Rajan{2008 examinedthe use of a nahomogenous Poisson
model byevaluating pipe parameters that affect a water pipe. Overall, this statistical analysis
considers three classes of parametg@ipe dependent, time dependemd pipe and time

23



dependent. Several stages are also involved with validation of the mods).tHermodel must

be trained via a process that involves use of the maximum likelihood method Wjikchitz
Global Optimizer LGO) algorithm. The next step in testing is to validate the model, which
involves forecasting the number of breaks in a wadilich period. Finally, the forecasted and
observed failures are compared.

A case study utilizing data from a water utility in Canada is presented to verify the statistical
model. The training period yielded quality results and concluded that the masleppropriate

based on the goodnessfit test. Results showed that the model mastlyze the covariates at
group and pipe levels to avoid the inference that all covariates have the same impact on pipes.
The proposed methodology was trained and vaaiatcordingly.

Data RequirementsParameters included within this study were pipe material, diameter,
installation year, length, climate-X coordinates of pipe nodes break date larghktype.

Model Description: Berardi et al (2008 proposedhe application of performance indicators to

model pipe deterioration using evolutionary polynomial regres&®R). These performance

indicators are incorporated into pipe deterioration models to determine projected failure rates.
EPR is separated into two main stages: search for the best model structures using an integer
coded genetic algorithm (GA) and parter estimation for an assumed model structure using

the least squares (LS) method. Overall, the EPR employs aahjdtitive search to determine

models that best relate to the optimal traffe Once the EPR is operated, each mathematical

model or fornula represents a point on the Pareto optimal tcdfleurve of possible models.

This methodology and case studywalsopr e sent ed within the artiocl ¢
Met hodol ogi es for Prediction (®alic2009t er and Was

The EPR models cannot be directly used to calculate the failure rate for individual pipes;
therefore, two approaches are presented for establishing individual pipe oriticahe first
approach develops a general failure model that can be used within any decision support
framework. The alternative approach presented within this article is implemented by a specific
multi-objective approach for pipe rehabilitation/replacenpanning. The case study presented
within this article contains asset information and failure records from a United Kingdom (UK)
water distribution system. In order to validate the results, the model consisted of a pre
processing and a modeling phas@verall, the EPR model successfully highlighted essential
variables utilizing the case study data; however, the case study was not used to validate the
failure rate calculationsA section devoted to the training and testing of data was not presented.
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Data RequirementsPipe assets included within this study are pipe age, diameter, length and
number of properties.

Model Description: Wang et al (2009 examinedthe development of deterioration models in

order to predict the annual break rates of water mains considering material type. Overall, the
methodology consisted of evaluating the best subset regressions, which led to degjetminin

best possible relationship between the breakage rates and the independent variables of pipe age,
size and length. Five multiple regression models were developed illustrating statistical analysis
of different pipe material types. Linear and cunehn relationships were considered in order to
determine the most appropriate fit. The significance of each regression model was verified using
the fiF-tesb andfit-tesb.

A case study utilizing a Canadian municipality is presented to verify the propagedsien

models. A sensitivity analysis of the developed models was conducted to evaluate how the
annual break rates affected the independent variables. The first analysis consisted of evaluating
the annual break rate vs. the pipe length, concludingthigapipes had a decreasing trend in
annual break rate as thengghs of the pipes became longAnother analysis included within

this study was the annual break rate vs. pipe age, which showed that the annual break rates
increase with age. Limitatiorsf the developed model includkatit is unable topredict when

the next failure will occur in an individual pipe andaloes notaccount for previous pipe repairs,
cathodic protection and soil conditio#s section devoted to the training and testing oadaas

not presented.

Data RequirementsThe data parameters included within these models were pipe material,
diameter, length, year of installation, depth and break records.

Model Description: Wood and Lenc€2009 utilized break data to forecast future break rates
within subgroups consisting of pipe material, diameter, age and surface material. Two statistical
determinstic equations were developed for each group of pipes:-limear equations and time
exponential equations. Accuracy of the derived equations was calculated as the percent error of
model predictions in comparison to the cumulative breaks in a onémegoeriod.

Analyses showed varying break rates within the various subgroups. With the exception of Cl,
the pipe material groups such as asbestos cefA@)tandductile iron DI) had more accurate
results utilizing the timdinear models than the tirmexponential models. When analyzing
factors individually or combining the sub factors, results showed mixed results in the accuracy to
predict break rates.
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Data RequirementsPast pipe break data was utilized in order to predict future breaks in varying
sub groups. Sub groups were based on pipe materiahetha, age and surface material, such
as,asphalt, concrete, gravel or grass

Model Description: Wang et al (2010 proposed a model which utilizes Bayesian inference to
calculate pipe factor weights using pipe deterioration rates andusgripe factor. The relative
influence of each factor on model performance was evaluated. Factors with the smallest
influence on pipe condition were eliminated. The analysis used three measures of fit to test and
compare the model results: Devianceotniation Criterion (DIC), coefficient of determination

and standard error.

Results were modeled by comparing the deterioration rates of the observed and Bayesian model.
Analyses showed that pipe age and diameter had the most influence in determininge the p
condition. The factorgncluding thenumber of road lanes, trench depth and electric recharge
were eliminated from the final analysis due to their less significant weights in determining pipe
condition. There was no significant difference among thdefs measurements of fit suggesting

the models are within good agreement.

Data Requirements:Pipe deterioration rates were based on factors including outer corrosion,
crack, pin hole, inner corrosion and Haz®villiams C value. Model factors included pa
diameter, pressure head, age, trench depth, number of road lanes, inner coating, outer coating,
electric recharge, bedding condition, soil condition and pipe material.

Model Description: Xu et al (2011 developed two datdriven techniques, Genetic
Programming (GP) and Evolutionary Polynomial Regression (EPR) to predict pipe breaks.
Genetic programming is an algoritimased methodologyyhile, EPR is a hybrid datdriven
technique that incorporates a regression based on a numerical regression techniques which has
the searching power of GP.

A pipe break data set from a water distribution system in Beijing was applied to the developed
modek. Specifically, homogenous groups based on pipe diameter and year of installation were
analyzed. Earlier breaks were applied to develop the model, while the later breaks were utilized
to validate the model. Both the GP and EPR models predicted sreslalts to the recorded
number of breaks when fitting the total number of breaks for the earlier time period. When using
the GP and EPR equations to predict future breaks, the developed models proved to
underestimate the total number of pipe breaks.hénstattributed this underestimation due to the
improved detection capability and construction.
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Data Requirements: The input parameters for both the GP and EPR methods were pipe
diameter, age and length.

Summary of Statistical Models

Statistical modelingentails the use of statistics to serve as a tool or mechanism to describe
observed data. This overall approach was primarily developed due to the lack of fundamental
science related to physical mechanisms that lead to pipe failure, which was required for
deterministic models and availability of failure data. There are several types of statistical models
available; however, a common feature is the basis on a large number of long term observed field
data and processing through regression analysis. Usulity,approachis only applied to
homogenous groups or cohorts of asgBten 2009. The statistical models use historical data
related to water pipe failure to identify patterns. These modedsroadly classified into
Regressin, Markovchain, Bayesiaand others.

The statistical models primarily entailed the use of maintenance records and failure data to
forecast the number of pipe failures; however, historical maintenance records may be difficult to
retrieve. This method isuccessful in modeling all types of pipe materials. Articles also
provided methods in prioritizing pipe parameters and describing the role or factor they play in
pipe deterioration. One article also described replacement scenarios implemented by different
rates. Limitationsof statistical models include selection of the proper model fanding a

reliable historical database. To increase the validity of the results, several statistical models can
be utilized. All statistical models presented in literatto notpredictthe condition of water

pipes butpipe failure breaksin addition,many of the models do not have a section devoted to
training or testing of the data. Having a training and testing set would allow for a valid robust
model that is generaked and able to predict future failure rates in different geographical
locations. Another limitation is the regressiomsed approach. This approach often is not
suitable for modeling the actual deterioration processes of a pipe since the sampling data
frequently suffers from various limitations and selected examples. Consideration must be given
to the pipe parameterthatare utilized within the method. In most cases, only several parameters
are analyzed, which may lead to variability in the number afipied failures.

2.2.3 Probabilistic Models

There areseven articles published on the use @robabilistic models for water pipe
condition/performance assessment and prediction modeling. A summaéng pfobabilistic
models is shown in Tabke
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Table4: Probabilistic Models

References Article Title Prediction Type

De Silva et al (2006 Condition Assessment and Probabilistic Analysis to Estimal Failure Rates
Failure Rates in Buried Metallic Pipelines

Davis et al (2007 A Physica Probabilistic Model to Predict Failure Rates in Failure Rates
Buried PVC Pipelines

Dehghan et al Probabilistic Failure Prediction for Deteriorating Pipelines: Failure Rates
(20083 Nonparametric Approach

Dehghan et al Statistical Analysis oStructural Failures of Water Pipes Failure Rates
(2008H

Davis et al (2008 Failure Prediction and Optimal Scheduling of Replacements Lifetime
Asbestos Cement Water Pipes

Davis & Marlow Quantifying Economic Lifetime for Asset Management of  Lifetime
(2008 Large Dianeter Pipelines
Mogliaet al (2008  Strong Exploration of a Cast Iron Pipe Failure Model Failure Rates

Model Description: DeSilva et al. (2006 presented a condition assessment and probabilistic
analysis to estimate failure rates in metallic pipelines. Since many pipelines have limited
historical failure records, condition assessment data is used to quantify the level ofat&terio

and to estimate the probability of failure of an entire pipeline over time. Given samples, a two
parameter Weibull probability distribution function was applied to estimate the maximum
corrosion rate. The distributions are then extrapolated tcridesthe distribution over a larger
target area and converted to equivalent approximate nalistabution functions. A Level Il
first-ordersecondmoment (FOSM) analysis is then combined with condition assessment data to
determine the probability of lare. This model assumes that a binomial probability process can
be used to calculate the expected failure rate of a pipeline.

A case study illustrating several sections of a buried mild steel pipe subjected to external surface
corrosion was used to vérithe value of the analysis. The remaining wall thickness of the pipe

at each test point was conducted through various condition assessment techniques. Overall, the
binomial probability process yielded results illustrating the relationship betweere fealgr and

elapsed time. The model correctly verified that certain sections of pipe were located in a more
corrosive soil than other pipe sectiofshis methodology proposesnly analyzing selective
sections for condition assessment of a pipe to représefdilure of the entire pipeline.
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Data RequirementsThis methodology proposes only analyzing selective pipe sections for
condition assessment to represent the failure of the entire pip€lihe. probabilistic failure
models take into consideratioof such factors as maximum applied stress (external and
temperature contraction loads), critical stress required for failure related to external (soll
characteristics and aeration) and internal (water quality and lining quality) galvanic corrosion,
internalpressure, pipe wall thickness and radius of the pipe.

Model Description: Davis et al (2007 evaluateddeveloping a physical probabilistic model to
predict failure rates in polyvinylchloride (PVC) pipelines. Dudinated failure data for PVC
pipelines, this methodology proposes the eatatun of internal defects to determine the failure
rates. The time to brittle fracture for pipes with internal defects resulting from internal pressure,
soil deflection and residual stress is first determined by the LEFM theory. The defect sizes are
thenmodeled as a stochastic variable and applied to gpasmameter Weibull distribution. The
lifetime probability distribution is then approximated by a Monte Carlo simulation. Failure rates
are estimated by a Weibull hazard function.

The predictedfailure rates from theroposed failurenodelwere comparedvith thefailure data

from 17 UK water utilities. A graph comparing the Monte Carlo simulation and the Weibull
hazard function resulted in quality conformity between the two. From extracting failurgeyhist
including pipe length, theffecton age of average failure rates was determined. The comparison
between predicted failure rates and observed failure rates were plotted, which showed the
predicted curvesompare favorably witlthe actual failure dataA limitation to utilizing Monte

Carlo simulatioris thatresults will change due to the random generation of data.

Data Requirements: Samples are required to determine the fracture properties of the pipe
material. Parameters that are used to develmp Monte Carlo simulation included the number

of segments in the pipeline, pipe segment length, total simulated time, incremental time period,
material shorterm fracture toughness, slow crack growth parameters, inherent defect size
Weibull scale paranters, material shott e r m Yo un g 60 s -elasiiad patameter forvi s c o
reduction i n Youngo-$rmmield strengtls, viscetastic parametdr fors h o r t
reduction in yield strength, outer and inner pipe radius, maximum internal pressure in each
segment, soil cover depth, soil unit gei, soil modulus, surface loahd residual hoop stress

acting at the pipe inner surface.

Model Description: Dehghan et al (2008 proposeda nonparametric approach for the
probabilistic failure prediction for deteriorating pipelines throughout various time intervals. The
nonparametric approach takeso consideration pipe factors thate nonstationary in nature

while the parametric approach does not. The idea of using a parametric approach may lead to
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inaccurate predictions since it cannot account for changes in the failure patterns over time.
Utilizing the nonparametric approach, maximum likelihood method estimatehe failure
probability of pipes in order to estimate the number of failures during a time perioiisand
confidence intervals The model is not intended for the prediction ofngle component failure

or systems where performance is sensitive to the behavior of a single component.

The technique provided was verified through the use of data from water pipes in western suburbs
of Melbourne, Australia, and also with a simple aver@dechnique used to forecast the number

of failures. Overall, the predicted number of failures based on the proposed method and a simple
averaging method were compared to the true number of failures. Results concluded that the
predicted number of failes using the proposed model closely resemthiledbbserved number

of failures. Hbwever, the predicted number of failures given by the simple averaging technique
did not resemble values of the observed failures.

Data RequirementsThis model relies hedy on the history of pipe failure dataWater mains
were analyzed by groups that considered their material type, size and location

Model Description: Dehghan et al(2008 presenteda parametric model using probabilistic

measure fopipe failure rates called likelihood of number of failures (LNF). These LNF values

are derived from lifetime modekhat are empirically computed using a pipe failure database
which is then compared to the theoretical failure rat8ince theheoretical failure rates are time
invariant, the authors further examine the stationarity of the pipe failure rates in practice, since
the parametric model resul ts isa statiomanylrgndomal i d
process.

To evaluate the nestationary pipe failure rates a case study was presented which analyzed the
effect of rainfall in relation to the failure rate. The case study consists of an area covered with
expansive clay soils whicls believed to be the cause of many pipe fractures; therefore, the
rainfall data is particularly analyzed to be the influencing factar.analyze this assumption, the
empirical failure rates were estimated and compared to the rainfall Batlts ilustrated that

when the rainfall was significantly above or below average for the season, there was a noticeable
increase in the number of failuréebat demonstrates the failure process is-stationary,
suggesting that evaluating the failure rates orrifstdure times is invalid Conclusions
suggested that all parameteesed tobe updated to account for the tiwarying nature of pipe
failure processesr to develop a noeparametric approach that can efficiently analyze the non
stationary pipe failurerpcess

30



Data Requirementd®?arameters used for the parametric pipe lifetime models considered the pipe
material, size and geographical location.

Model Description: Davis et al (2008 describedh failure prediction method for AC water pipes
using a physical probabilistic failure model. The physical probabilistic failure model is
specifically designed to eluate AC pipes under internal and external loads. The proposed
probabilistic model impliedhe use of residual tensile strength to determine the degradation rate
of a pipe; however, evaluation of this model found that the degradation rates variedasigifi

A Weibull distribution was then utilized to develop a degradation katewwhen modeling the

pipe lifetime data, the predicted data strayed from the data produced by Weibull distribution. An
alternative method, Herz distribution, was finally dise model the uncertainty of the lifetime of

a pipewhich utilizes an empirical cumulative probability distribution.

A case study was utilized in where tA€ water pipéne was subjected to both pressure and
external loadingA graphillustrating the curalative lifetime probability . the predicted service
lifetime was plotted which showed the similarity between #mepirical service lifetime
distribution based on the Monte Carlo simulation with 1,500 trials and the fitted Herz
distribution. A renewal ate was also presented through evaluating a hazard funclibe.
tensile strengthssed in this article were obtainém previousresearchand when calculating

the degradation rate, one should take into consideration the changes in manufacturing methods

Data RequirementsAttributes for the case study consisted of pipe diameter, wall thickness,
installation year, internal pregre, burial depthynit weightof the surrounding sqilive surface

load from traffic and degradation rate. Degradatiorsratere determined by evaluating residual
tensile strengths from small pipe coupons.

Model Description: Davis and Marlow(2008 looked at developing a physical @babilistic

failure model utilizing condition assessment to determine the lifetime of CI pipelines.
Specifically, a case study of a large diameter pipeline located in urban Australia was used to
verify the proposed met ho de historibalfailurd data isim@ pi p ¢
available and condition assessment techniques must be used to determine the remaining lifetime.
The proposed method evaluates only several segments of the pipeline in order to determine
corrosion rates. To model this iation, a tweparameter Weibull probability distribution
function was used. A probability distribution function accounting for the variation in the pipe
corrosion rateis implemented with a physical model to predpmpe failure due to internal
pressure igd external loadingThis physical probabilistic model is then applied to a Monte Carlo
simulation before being fitted agaiao another tweparameter Weibull distribution to model the
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variation in the predicted lifetime of the pipe. A hazard functioalse generated to represent
the probability that pipe assets will fail over time.

Graphs illustrating the failure time probability distribution and the hazard function for the CI
mains indicated approximate failure times and the economic lifetime qfetina. A limitation

within this study is that the model generated only illustrates pipes restricted to internal pressure
and inplane bending; therefore, the resulting failure mode is only shown with a longitudinal
fracture, which is just one type offalure mode. Other failure modes such as circumferential
fractures are not considered.

Data RequirementsA pipe sample was analyzed to determine the corrosion rate of the system.
The proposed model utilized factors such as internal pressure, mean diaximal loads

from soil and surface loads, original pipe wall thickness, pipe age, maximum corrosion rate and
tensile strength of a ucorroded pipe.

Model Description: Moglia et al (2008 looked at the strong exploration of a ClI pipe failure
model utilizing fracture mechanics of the pipe failure process. The first model generated is
simple, which allows strong explorations of additional model assumptions. Throughout
numerous assumptions, the model improved drastically. An elementary method, FOSM, was
initially used but proved to yield inaccurate results. A new approach to the nvadledtes the
nominal tensile strength of pipes, which can determine the maximum corrosion defect. To
account for the uncertainty or randomness within the data, a Weibull distribstidilized

adding stochasticity to the corrosion rate. The proposeatkhualculate failure rates based on
historical data using a random Poisson statistical process. The maximum likelihood estimator
used within Poisson distributios used tacalculate the failure rate of the historical data sets.

A case study was empjed utilizing small diameter reticulation mains. By modeling various
assumptions into the simulated model, the predicted and observed failure rates yielded similar
results. Only failure modes by corrosion or combined corrosion and fractures are included
within the observed data modeThe authors recommend that the mosl@uldbe tested with
additional data sets. A section devoted to the training and testing of the data was not presented.
This model will probably not be able to predict the failure gdt® another area since the
methodology used is not generalized.

Data Requirementsto determine maximum corrosion defects, pipe samples were evaluated for

their tensile stress. Input variables within the model included pipe wall thickness, pipe
constuction year, pipe mean diameter, failure observation year, internal pressure, external load,
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soil load, failure exposure, corrosion rate, pipe age, pipe length, number of observed failures and
thetensile strength ahe pipe wall.

Summary of Probabiligt Models

Probabilistic modeling entails the use of statistical analysis to analyze the probability or relative
frequency of an event occurring. Also, in contrast to purely statistical approaches, physical
models are based on the actual degradation aiharefaprocesses that occur in service.
Specifically, physical probabilistic models are developed where historical failure data is
unavailable. These models predict the failure probability for a single asset or the failure rates for
a network. One methogrimarily used to predict a distribution and range of values for
dependent variables is the Monte Carlo simulatigurn 2009.

The probabilistic models primarily entailed the prediction of failure rates for databases that have
very little information. Specifically, parameters are analyzed that affect the performance of a
pipe rather than evaluating the previous pipe failure history. Techniques used to predict pipe
failure rates within the articles presented were conditioresassent techniques, fracture
mechanics, estimation of internal defects and the estimation of the likelihood of the number of
failures. In many of the articles, the condition assessment of a pipe is only analyzqupir a
section and not the entire pipe. All probabilistic models presented predict the failure of a
water pipe and not the condition of a pipe. No assurance is given to a utility manager to apply
these methods since there is no generalization of the models and all fit the model by making
assumptions. The methods used must be realistic and close to a real scenario. Simulations such
as Monte Carlo can be questioned in how one would generate the random numbers. A limitation
with using probabilistic models is the technique used to deterién&ailure rates. Since there

are many techniques that can be used to predict the actual degradation and failure process of a
pipe system, different conclusions will arise. Also, all asset types and loading conditions must
be applied in order for theadel to apply for an entire pipe network.

2.2.4 Artificial Neural Networks

There aresix articles published on the use NN for water pipe condition/performance
assessment and prediction modeling. A summatlyedANN is shown in Tablé.
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Table5: Artificial Neural Networks

References Article Title Prediction Type

A Risk Analysis Framework for Evaluating Structural
Degradation of Water Mains in Urban Settings, Using Pipe Failure
Neurofuzzy Systems and Statistical Mbidg Techniques
Al-Bargawi & Zayed Condition Rating Model for Underground Infrastructure
(2006 Sustainable Water Mains

Achim et al (2007 Prediction of Water Pipe Asset Life Using Neural Networks Pipe Failure

Trenchless Water Pipe Condition Assessment Using Atrtific
Neural Network

Amaitik & Amaitik Development of PCCP Wire Breaks Prediction Model Usin
(2008 Artificial Neural Networks

Christodoulou et al
(2009

Condition Rating

Geemet al (2007 Condition Rating

PCCP Wire Breaks

Leakage Time &

Lijuan et al (2012 Leakage Rediction Model Based on RBF Neural Network Number

Model Description: Christodoulou et al(2004 examined thetsuctural degradation of water
mains in an urban setting using statistical modeling techniques from parametric and non
parametric analyses. To identify pipe risk factors and their relevance to main breaks, an ANN is
applied that utilizes a back propagatialgorithm. Outputs of the network consisted of the days

to failure (lifecycle) for each pipe segment and the outcome of the observation (i.e., break or
nonbreak). Both outputs were utilized for pattern recognition and ranking relevant weights for
risk factors. Parametric methods, Poisson regression andmudil regression analysis were
used to define thbreak data in terms of days to failure for the relevask factors. The non
parametrianethod used within this study was the Kapldeier produt limit estimator.

Kernel smoothing was applied to the multidimensional regression model and the -Kegaain
survival analysis model. This kernel smoothing entails using a joint probability density function
that is estimated by illustrating a seriesesfimators based on known kernels or known density
functions. Within this specific study, Epanechnikov kernels used for bounded datasets were
applied.

The parametric and ngwarametric models presented within this article efficiently modeled a
New York City historical database by identifying break data in terms of days to failure and the
hazard rate in relation to time to failure. Two graphs were plotted that illustrated the multi
dimensional regression and the KapMaier survival analysis. All of thenodels utilized within

this article reinforced results found in previous studies that concluded the number of pipe breaks,
material and pipe diameter present high risk factors that can affect the pipe. The ANN also
successfully identified risk factors édmwanked them in respect to relative importance utilizing

34



pattern recognition and incomplete datas&tsection devoted to the training and testing of data
was not presented. This artideems to try antit the specificdata; therefore, the methodology
used is not generalized and cannot predict failure rates for another area in the future.

Data RequirementsThe ANNseems likeiit s used as a fAblack boxo g
was provided about the creation of the neural netwBdrameters colleetl included data at the

time of the break event (previous breaks, material, diameter and length) and areas affected by the
aftermath (traffic, subway, highway and intersection block).

Model Description: Al-Bargawi and Zaye®006 developed a condition rating model to assess
the rehabilitation priority for water mains using an ANN. The ANN uses a back propagation
algorithm analyzing environmental, physical and operational factors to determine the water main
condition. The output variable consists of a condition rating scale from 0 to 10 with O
representing a critical condition and 10 representing an excellent condition.

Data from municipalities in New Brunswick, Quebec and Ontario, Canada were used for training
andtesting the data sefhe results from the ANN model were compared with the validated data
set and it was concluded that the model predicted the water main condition rating within the
reasonable margin.Breakage rate and age were shown to have the dtigiféect on the
condition rating. An inverse relation between the condition rating and breakage rates was shown
for most water main types.

Data RequirementsThe ANNseems likeif s used as a fAblack boxo g
was provided about thereation of the neural netwarkl he water main condition was based on

type of soil, type of road surface, pipe cover, pipe diameter, pipe material, pipe age, number of
breaks and thelazen WilliamsC-Factor.

Model Description: Achim et al (2007 presenteda mult-Hlayer perceptron neural network
(MLP NN) to predict pipeline failure in terms of failures/km/year. The overview of the paper
presents an Australian waterngpany seeking to improve their capability to predict failures by
utilizing an ANN. In the past, the water company predicted failures using two statistical models
based on past failure histories and the age of the pipe: shifted time power model (STPM) and
shifted time exponential model (STEM). However, these models predict a relatively low
correlation between the actual and predicted amount of failures. The MLP NN topology within
this article consisted of an input layer with six nodes, two hidden layidiseight nodes each,

and an output layer with one node. Several techniques were used tvaits® the models,
including bootstrapping and random sampling.
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Through data processing it was shown any exclusion of a variable reduced the predictive
cambility of the NN. In conclusion, NNs are useful for modeling complex problems with
relativey less effort andhese models can handle the combined effects of a large number of input
variables. Future analysis for this model consists of incorporatiregdipendent factors within

the analysis, such as climatic factors and corrosion, along with additional supplementary factors
to influence asset performance. I n relation
unmistakably outperformed the STRiMd STEM models in terms of predicting pipe failurés.

section devoted to the training and testing of data was presented; however, results
discussing/illustrating this stage were not provided.

Data RequirementsThe ANNseemslikeii s usedkabdoaofnpglaen that
was provided about the creation of the neural netwadnkut variables included in the analysis
were pipe diameter, year of construction, age, length and geographic coordinates.

Model Description: Geem et al(2007) considered an ANN to assess the water pipe condition
without excavating.They compared the ANN to a muliayer perceptron (MLP) model in
relationship to the real score condition. The proposed ANN utilized the MLP madbel back
propagation algorithm, while an overall pipe condition index was derived for the output layer
based on five factors: outer corrosion, crack, pin hole, inner corrosion azehWillams C
value. Overall, the models were trained and verifidizing separate pipe records.

The model developed was applied to a case study in South Korea. The ANN model generated a
higher determination coefficient than the multiple linear regression (MLR) model in terms of the
statistical correlation between obged and computed data. Overall, the results showed that the
proposed ANN model takes into consideration the high nonlinearity that pipe data possess
whereas the MLR model failed to consider the nonlinearity in real world data with respect to
interpolation or extrapolation. All factors incorporated within the model were an adequate
representation of a pipe condition. In future applications, the incorporation of more pipe data
will increase the reliability of the model. It was also mentioned that the-gragiagation
technique could be replaced with a mi&airistic technique.

Data RequirementsThe ANNseems likeii s used as a fiblack boxo

was provided about the creation of the neural network. Parameters included in thayepat

the ANN were pipe material, diameter, pressure head, inner coating, outer coating, electric
recharge, bedding condition, age, trench depth, soil condition and the number of road lanes used.

Model Description: Amaitik and Amaitik (2008 examined the Great Mamade River
Authority (GMRA) located in Africa, which experienced several pipe ruptdies to pre
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stressed concrete cylinder pige@CCP) wire breaks. Shortly after these ruptures, a cathodic
protection system was adopted foe entire network of pipes. A model using the ANN method
was then developed in order to predict PCCP wire breaks and to provide utility authorities
adequate information to monitor, inspect and rehabilitate their pipeline network.

The data analyzed spatiand standard pipes in relation to the installment of cathodic protection.
The proposed ANN model did consist of training and testing phases. Results of the analysis
were compared to a MLR model to quantify/verify the validity of the proposed mathen
analyzing the actual vs. predicted number of breaks for the proposed ANN and the MLR model,
it was shown that the ANNredicted PCCP wire breaks more efficiently than the MLR model.
Analysis of the resultalso illustrateda pattern in the wire breakeadlictions of the specialized

and standard pipes. For example, the specialized pipes have a very low rate of failure when
compared to standard pipes.

Data RequirementsThe ANNseems likeii s used as a fiblack boxo g
was providedabout the creation of the neural network. A multitude of records were utilized
within this paperwhich may increase the system performance reliability. This model consisted of

nine parameters that affected the deterioration process of the PCCP: mgrptriod, pipe

age, soil resistivity, design pressure, design soil density, design soil cover, typestiégsing

wire wrap, wire diameteand wire pitch. The variables utilized are independently presented,

which may not always be the case since thsmetimes exists a cumulative effect of the
variables.

Model Descriptio: Lijuan et al (2002 proposed a Radial Basis Functid®BF) neural network

to forecast pipe leakage in water distribution networks. The RBF is a Gaussian function that is
based on a forward network composed for an input, hidden and output layer. Two prediction
models are presented: leakage time and leakagel. The leakage time prediction model
estimates each pipe leakage time pertaining to the laying parameters per pipe; while the leakage
trend model utilizes the leakage time series to predict the future leakage number.

A leakage data set from a city nbrth China which included records such as leakage time,
location, pipe diameter, material, leakage reason, leakage parts and maintenance and repairs
records was utilized to evaluate the models. Results from the leakage time model presented the
actual lakage date vs. the forecasted leakage date. The relative error between these two values
was less than 10% which is considered a useful model. The leakage trend model results
compared the actual vs. the predicted number of leaks. The maximum prediotedas 13%

which also proved to be a good estimaté section devoted to the training and testing of data

was presented; however, results discussing/illustrating this stage were not provided.
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Data RequirementsThe ANNseems likeii s us edc kasboax oi bdiaven t hat r
was provided about the creation of the neural netwd?lrameters included in the input layer

neurons were pipe type, size, pressure, temperature, road surface properties and pipe buried
depths.

Summary of ANN

ANN modelirg entails the use of all variables that influence the service life of a pipe. Due to its
highly complex, nonlinear and parallel computemposition the ANN is primarily inspired by

the way information in a biological nervous system is processed. Theimniprmation and the
predicted outputs are linked with the use of functional relationships. This approach can be used
to develop an individual asset or a netw(@larn 2009.

The statistical models included very few paransetewnsidering the robust nature of ANNSs.
Overall, each parameter analyzed can increase the system performance reliability, including
time-dependent factors. Parameters can also be apaliegight, which is a methodn
prioritizing the actual amplitudeaeh factor plays on the overall condition of the water pipe to
conclude a defined output. The method can also be utilized to represent any type of pipe
material. A limitation to the ANNSs is that the autheeemtous e it as a fbl ack
means tht no description was provided on the creation of the neural network. It should be noted
that a section devoted to training or testing of the data was not presented in several of the
articles. Withoutthis phase, the data is fitted, atiterefore the metlmdology used is not
generalized and cannot predict future failure rates for another area. It was shown in the articles
that ANN models are extremely capable of taking into consideration a higher degree of
nonlinearity and unmistakably outperformed othesdels such as STPM, STEM and MLR.
Since this model is primarily based on actual data parameters, a limitation may be the lack of
data utilities possess. This model approach also requires an increased level of skill and training
in order to develop thesmmplex networks as well as train them.

2.2.5 FuzzyLlogic

Nine articles have beepublished on the use ofuzzy logic modeling for water pipe
condition/performance assessment and prediction modeling. A summdng ffzzy logic
modelsis shown in Tablé.
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Table6: FuzzylLogic Models

References Article Title Prediction Type
Kleiner et al (2009 Risk Management of Large Diameter Water Deterioration Rates
Transmission Mains
Kleineret al (2009 Modeling Failure Risk in Buried Pipéssing Fuzzy Deterioration Rates

Markov Deterioration Process
Makropoulos & Butler A Neurofuzzy Spatial Decision Support System for Pif Vulnerability Rates

(20059 Replacement Prioritisation
Najjaran et al(2006 Fuzzy Expert System to Assess Corrosibast/Ductile Deterioration Rates
Iron Pipes from Backfill Properties
Najjaran et al(2004) A Fuzzy Expert System for Deterioration Modeling of Deterioration Rates
Buried Metallic Pipes
Sadiqg et al(2004) FuzzyBased Method to Evaluate Soil Corrospor Deterioration Rates
Prediction of Water Main Deterioration
Rajani & Tesfamariam Estimating Time to Failure of Calbn Water Mains Failure Rates
(2007
Rajani & Tesfamariam Estimating Time to Failure of Ageing Cast Iron Water Failure Rates
(2005 Mains Under Wicertainties
Tesfamariam et al Possibilistic Approach for Consideration of Uncertainti Failure Rates
(2006 to Estimate Structural Capacity of Ageing Cast Iron
Water Mains
Fares & Zayed2010 Hierarchical Fuzzy Expert System for RiskFfilure of ~ Risk of Failure
Water Mains

Model Description: Kleiner et al (2005 proposed a fuzzy Markov deterioration process to
predict the future condition of @l and DIpipe and PCCP. This model consists of a two stage
process. e first step utilizes a fuzzy ruleased algorithm to determine the deterioration rate at
a specific stage in lifand condition state. Specifically, triangular fuzzy numbers are utilized
defined by vertices of the triangkhich represent ranges of thiariables age, condition state or

deterioration rateFuzzy rueb ased model ing i s used tdhreapr ese
rules. The rule set for this specific exampldish e p i p e andtbeepipe condifioA state
i s the@Gtbe deteriorkt i on rate i s ADO at any given ti me.

Determination of the condition state of the asset in the next time dtegnisalculated from the
present condition state and the deterioration rate in where the deterioration rate matrix takes on
the traditional M&kov deterioration processThe authorsalso go further by identifying risk

levels over the life of a pipe using a fuzzy possibility of failure and the failure consequences.
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This methodol ogy is also present e dBuriediPipési n t
Using Fuzzy Mar kov (KRieer et al.i2@0f at i on Processo

Due to Imited data observations for asset condition, this model was not validatecadéming
was provided why the specific membership function was selected. The fuzzy sets and techniques
did help incorporate the imprecision and subjectivity of the data.

Data Requirements: This methodology requires parameters such as the age of pipe and the
condition state.The condition state is assessed on limited characteristics particular to the pipe
material type which includ€l and DI pipe-external coating, externgdipe barrel/bell, inner
lining/surface and joint; or PCCiortar coating, prstressed wire, concrete core, pipe geometry
and joint. To validate the model, two consecutive observations from the asset condition need to
be readily available.

Model Descriptbn: Makropoulos and Butlef2005 developeda neurofuzzy system to predict

the water pipe leakage vulnerability. This model includes a fuzzy inference system that is
combined with aneural network backropagation algorithm which is employed to train the
model. The specific bagiropagation is also known as the steepest descent method.

Input-output pairs are utilized to train the nedibazy system, which in this instance was water

main burst records. The burst records together with their characteristics can be used to measure
the probability of failure of a pipe with a specific characteristic. This data cannot be directly
used within the neurofuzzy training system; therefore, @ to preprocess the data was
developed based on Bayesian statistiChis Bayesian statistics module is capable of accepting

h e

dat a i n vector form which i s used i n t he B a

instance occurring.

Overall, the calalated Bayesian probability of failure with each characteristic is utilized in the
neurofuzzy system to link specific characteristics with the suitability for pipe replacement. The
cumulative effect of the various pipe characteristics in relation to itteé ¢alculated pipe
vulnerability is computed using the Ordered Weighted Averaging (OWA) and Spatial Ordered
Weighted Averaging (SOWA).

The model was trained using the data from two water distribution networks with analyzing each
network with and withoutraining the fuzzy inference system. A graph illustrating the percent of
actual bursts included in the set vs. the vulnerability ratings was provided. Results indicated that
the training procedure increased the overall model performance. It is importaatize that

some pipe bursts may not be in relation to the characteristics evaluated. In addition, the OWA
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and SOWA techniques must be used to determine the cumulative effect characteristics have on
the pipes, since the Bayesian probability modely onply independent variables and not the
interdependency of the characteristics.

Data Requirements:The inputs required to run the model include soil type, pipe age, pipe
density, street type, diameter, maximum pressure and pipe material.

Model Descripbbn: Najjaran et al(2006 evaluates a fuzzy expert system for the wetation
modeling of buried metallic pipes based on surrounding soil properties. This model consists of a
subjective and an objective parfTwo expert systems were proposed for the fusion of the
subjective and objective models. The first structure istsf a fuzzy subjective and objective
model which directly determines the deterioration rate using soil properties. The other method
consists of a fuzzy subjective model to determine the corrosivity potential (CoP) of given soll
samples and then thegression objective model uses the field data which relates the CoP to
deterioration rates. Specifically, the fuzzy knowledgese was determined throughirfput
variables which are based from theddint scoring method that is commonly used to predet th

soil CoP. The 1(oint scoring method was first introduced by the Cast Iron Pipe Research
Association (CIPRA) and is now utilized by the Ductile Iron Pipe Research Association

(DI PRA) . This methodology is al seitSystereforent e d
Deterioration Modeling of Buried Metalli® i p éNsj@aran et al. 200da nd NH-Basedz y

Met hod to Evaluate Soil Corrosivi t@adjfeva. Pr edi
2009.

A series of soil samples were used in the validation of the proposed fuzzy logic expert system. A
graph illustrating the relationship between the deterioration ra®) @nd CoP was provided.

The fuzzy expert system yields reasonablediaowever, data scatter exists which can be a
result from not tuning the model through field data or not considering a dominant factor in which
influences the CoP and DR.

Data RequirementsThe input variables utilized from a soil sample include therssistivity,
soil pH, percent oflay fines, soil redox potentiand soil sulfide.The soil properties, pipe age
and maximum pit deptareused to train the models.

Model Description: Rajani and Tesfamariaf2007) presented a possibilistic approach for the
consideration of uncertainties to estimate the structural capacity of aging Cl water mains. The
model is an analytical model called Winkler type pgod interaction (WPSI), which is based on

a possibilistic approach that uses the remaining pipe wall thickness to determine &me curr
structuralFS. The WPSI model determines the stresses, strains and displacements at any place
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along a jointed pipe. To acadufor the uncertainties within the input parameters, a fuzzy set
theory using triangular fuzzy numbers (TFN) is applied allowing approximate reasoning. The
calculated FS is also a TFN that can be implied as a possibility distribution. The uncertainty is
described using two measures: Y, which i s t
possibility of failure utilizing the framework is classified in terms of an FS, and the failure
should | ie between the measur sogreserfted Withimthed Y.
articles AEstimating Time to Failure of Agei
(Rajani and Tesfamariam 200& nd fiPossi bi | i s tderationAfpUncertamtehr f or
to Estimate Structural Cap aTesfamariamétalX@gbng Cast

The application and verification of the method is illustrated through a case study in Calgary,
Canada. Several locations along the pipeline were identified ustrdte how the input
parameters affected the pipeThe input parameters of remaining wall thickness, residual
strength and fracture toughness were positively correlated with th&é&sults of the sensitivity
analysisalso suggestethatlarge diametemains are strongly affected by external loads while
small diameters are strongly affected due to the level of bedding Téw.analysis concludes

that the use of corrosion control in terms of pit growth can be the most effective way to decrease
the failure rate of metal pipe#lso, evaluating the possibility and necessity in relation to failure
consequences can provide levels of risk for a pipshould be noted that this method analyzes
the FS primarily based on the remaining pipe wall thicknesseftbre, only pipes that
experience corrosion can be utilized.

Data Requirements:Pipe samples are required to determinepipeselastic modulus, tensile
strengt h, ring modul us of rupt ur end fradcture st i ng
toughness Other nput parameters consists of pipe nominal diameter, wall thickness, pipe
length, thermal coefficient, soil unit weight, trench depth and width, unsupported length, earth
load and traffic load, water pressure, transient watesspre, remaining Wathicknessand
temperature difference.

Model Description: Fares and Zaye(010Q developed a hierarchical fuzzy expert system to
detemine the risk of failure of water mains. This system consists of léofitkilure factors

within four main categories (environmental, physical, operational and post failure). Using the
Mamdani rule system, the impact of the factors based on the fragoci@s is first determined.

The crisp observation of each of the four models is then again analyzed using fuzzy to determine
the risk of failure. The risk of failure output scale ranges from 0 to 10, where 0 is the least risky
condition and 10 is theskiest condition.
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A case study was applied which classified specific pipe segments based on their risk condition
level. Particular pipe characteristics such as diameter and material were also highlighted by
illustrating statistics for the total countdatength for pipes classified as fair and risky. Results
concluded that small diameter and CI pipes contribute most to network risk.

Data Requirements:Factors include type of soil, average daily traffic, water table level, pipe
diameter, material, agprotection method, breakage rate, hydraulic factor, water quality, leakage
rate, cost of repair, damage to surrounding, loss of production, traffic disruption and type of
serviced area.

Summary of Fuzzy Logic Models

Fuzzy logic modeling entails the uskfozzy logicbased techniques that possess the ability to
incorporate engineering judgment to predict infrastructure deterioration. This type of model is
often used where data is scarce, caffect knowledge is imprecise and observations and model
citeri a are expressed@Bum20@ague or Afuzzyo ter ms

The fuzzy logic models present knowledggsed approaches. Each of the methods seemed very
intense and cumbersome. The membership function primarily used withinithesantas the

TFN. One article stated TFNs were used for simplicity purposes. As evidenced in the case
studies, fewer pipe parameters were analyzed in comparison to the artificial intelligence model
ANN. Two of the methods did analyze the remaining piml thickness in which only
deterioration rates of metal pipes could be determined. The main limitation for fuzzy logic
models is the challenges that existaonstructing a fuzzy rule seselecting a membership
functionand determining a defuzzificati process.

2.2.6 Heuristic

Five articles have beempublished on the use oheuristic modelingfor water pipe
condition/performance assessment and prediction modeling. A summtaghauristic models
is shown in Tablé&.
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Table7: Heuistic Models

References Article Title Prediction Type
Kleiner & Rajani(1999 Using Limited Data to Assess Future Needs Break Rates
Watson et al(2004 BayesiarBased Pipe Failure Model Failure Rates
Al-Bargawi & Zayed Assessment Model of Watktain Conditions Condition Rating
(2009

Al-Bargawi & Zayed Infrastructure Management: Integrated AHP/ANN Model tc Condition Rating
(2008 Evaluate Municipal Water Mains' Performance

Zhou et al (2009 Development of a Fuzzy Based Pipe Condition Assessmen Condition Rating

Model Using PROMETHEE

Model Description: Kleiner and Rajan(1999 presented a fivstep methodology to assess the
future needs of water pipes using limited dafhis methodimgy provides a way foutilities

that have limited break history data budget for future pipe replacement. The five steps
included within this methodology compris& (1) gatheringdata in relation to homogeneous
groups used to predict future breakbere data is insufficient, (2@stablishment of group
breakage rate patterns to predict future breakage rates, (3) use of projected breakage rates to
determine the economic life of water mains, (4) examination of probabsistnarios of water

main life and (5) determination of the investments required to replace water mains. Breakage
patternsareidentified using an exponential relationship ardbased on water main structural
breaks, which did not include leaks discovered by specialized progranesto@hue absence of
data, a heuristic procedure was used to apply three probability distnbud the group data:
Gumbe| Weibull and Herz distribution. An analysis of variance (ANOVA) procedure was
utilized to identify significant variants.

Verification of the model took place throughcase study. The development of a heuristic
procedure applied to three probability distributions was highlighted in a plot representing the
replacement rate vs. year. It was found that the replacement age inttB6 fyesars was very
similar between all distributions; however, the distributions began to predict dissimilar rates
thereafter. The ANOVA procedureverified that pipe vintage, soil typgend operating pressure
was critical in predicting breakage rateshis methodology should only be used for financial
planning and is not intended to be used for a water main renewall piarmethodologys only

used to identify a specificohort and not individual pipe sections

Data Requirements: Parametersand homogeous cohorts consistedf vintage, soil type,
diameter, region, length, operating pressure, road type, surface condition timursdiate, car
traffic loadingand bus traffic loading.
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Model Description: Watson et al (2004 presented a Bayesian methodpiothat combines
engineering knowledge with recorded failure data to establish failure rates. This hierarchical
model works to combine information from various sources of data while assuming similarity
between parameters. The model assumes the failtes oh each pipe are from the same
distribution called hyperprior. The pooling of the data dramatically improves the accuracy of the
failure rates and can be seen as assumptions that pipes are identical as well as different. This
hyperprior then determés how the individual failure information updates affect other similar
pipes in a network. For example, a AtightOo

h

similar, while a filoosed0 hyperpriot with |larg

To validate the methodology, breaks were generated for two random pipes assuming a constant
failure rate. The simulation results compared the failure rates vs. time, which illustrated the
Bayesian model in comparison with the natural estimation tlsatmeesd a Poisson distribution

In the first 25 years, it was shown that the Bayesian mpaelided abetterestimate of the

failure ratethan through the Poisson distributioAfter the 25year period, it was shown that the
Bayesian model converged teethatural estimate of the failure rate.

Data RequirementsThis methodology uses engineering knowledge combined with previously
recorded failure data.

Model Description: Al-Bargawi and Zayed2006§ proposed a condition assessment model
utilizing the analytic hierarchy proce§8HP). The AHP consistsf quantifying the effect of
gualitative factors with regards to expert knowledge. The AHP application presented within the
article consists of an eight step process. The factors which affect the condition of a water main
are first acknowledged by setinup a hierarchy. Pawise comparison matrices are then
developed for the main and stdctors along with assigning priorities and establishing a priority
vector. A consistency analysis is then used to verify the consistency of tHvaggsomparison
matrix so that the weights can be considered. Priority weights are considered along with
assigned attribute effects for each $attor. The condition assessment value is finally
determined which mathematically combines the different priority matricts thve efficiency

rate score for each criterion.

A case study was utilized to determine the condition of water mains using the AHP. The
condition assessment values ranged from 10 to O illustrating an excellent to critical pipe
condition. The \alidationprocess proved that the model provideseptableesults Pipe age

was said to have the highest effect on the condition assessment ratings.
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Data Requirements: Factors considered within this AHP consist of type of soil, type of
traffic/road, type of seree, ground water level, pipe diameter, pipe material, pipe age, breakage
rate,Hazen WilliamsC-Factor, cathodic protection and operational pressure.

Model Description: Al-Bargawiand Zayed2008 developed an integrated model utilizing an
AHP and ANN. The AHP is first utilized to assign weights and assess the current condition of a
water main based on physical, environna¢ér@nd operational factors. Since the AHP cannot
deal with incomplete and missing data pqiais ANN, which is trained with the available data

set that accounts for missing points utilizing pattern recognit®msed The ANN model
utilizes a back proagation algorithm. The output condition rating ranged from a score of 10 to O
illustrating excellent to critical pipe condition.

A case study utilizing three different municipalities in Canada was used to assess the results.
Graphs illustrated the invergelationship between pipe condition rating and age. Validation of
the results proved the effectiveness of the model in predicting water main condition ratings when
comparing the predicted versus actual ratings. This methodology was also presentexbas a
based condition rating tool.

Data RequirementsFactors included within this AHP/ANN model consists of type of pipe, pipe
diameter, pipe age, type of sayroundwatertablelevel, type of service, average daily traffic,
type of road, type of serviceaumber of breaks, HazéNilliam coefficient, cathodic protection
and operational pressure.

Model Description: Zhou et al (2009 presented a pipe condition rank method using fuzzy
PROMETHEE Il. PROMETHEE is aoutranking method that constructs an outranking relation
for a particular criterion/indictor and uses this relation to give ranks to each pipe. The model
processes firdevel and secontevel pipe condition indicators and then generates a pipe
conditionindex or ranking for each pipe. The weight of each indicator is fuzzy and is generated
using the AHP; while the preference function is obtained through expert experience and
knowledge.

The model was applied to eight pipe samples. Results ranked eduoh @fjht pipes by the
highest to lowest breakage risk. The interval size between adjacently ranked pipes indicated
whether or not the ranking position was affected by changes in weights used. For example, the
smaller the interval the more likely the ramis are affected by the subjective weights.
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Data RequirementsThe first level condition indicators include physical indicators, load,
external corrosion and historical breakage. The second level condition indicators include pipe
diameter, pipe age, me length, buried depth, water pressure, impact strength and maximum
pressure.

Summary of Heuristic Models

The heuristic models illustrate how methodologies incorporate engineering knowledge rather
than data parameters that affect a pipe to determinedaihtes. One limitation of using
engineering knowledge is the inconsistency in expert judgments from individual to individual
and/or lack of experience in the personnel in making the judgments. This procedure may be a
reliable method to illustrate faile risks with limited or no pipe data; however, employment of
this methodology is limited due to its simplicity and the fact that any type of pipe material can be
analyzed. This technique is a structured way of capturing expert opinions. Overa#sutditi

use heuristic models as a first step in the determination of failure rates if no other mathematical
model is available.
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2.3 Current Water Utility Practice

A comprehensive overview of current utility practices related to failure and deterioratiorsmodel
for water pipes can help gauge the understanding between available mathematical models and
current utility practice in predicting water pipe condition/performance and failure. In order to
determine current practices, nine utilities in the U.S., Austeatid Canada with significant
activities of water pipe infrastructure management were contacted to participate in a survey. The
type of information requested within the survey included: types of inspection and condition
assessment techniques used; priatton of inspection, maintenan@nd R,R&R; type of
condition deterioration prediction; methods used to generate condition curves; factors included
within the condition curves; software used; associated costs in generating condition curves; and
type of ppe condition and/or performance index. Information from the survey assisted in
targeting the most appropriate condition curves and deterioration modeling currently available.

It is seen from this current practice review that the inspection and condsgsessanent
techniques utilized are dependent on the type of pipe material and differ significantly throughout
the utilities. The prioritization, inspection, manance,R,R&R for water pipes also varies
throughout utilities and is dependent on factorg thelude pipe material typeage, diameter,
purpose of pipand critical/norcritical. Within the utility current practiceitilities often utilize
acondition rating index@RYI) that evaluates the existing water main condition by rating the pipe
on a sale from excellent to an inferior quality condition. Performance measures can also be
utilized to proviee qualitative antbr quantitativeinformation needed to measure the extent to
which a utility is achieving its intended outcome3hroughout the nineusveyed utilities
approximatelyhalf of themutilize some sort of condition index or ranking system to prioritize
water pipes; while, only one utility utilized performance measures which were based on planned
interruption, perfanance measures for mainebks and customer satisfactionA diagram
illustrating the various utilities inspection methods, condition indices, performance measilires
models are shown in Tabse

The exact deterioration or failure model utilized by utilities varies significai@gnerally, each

utility utilizes a type of longerm economic forecast model which is a tool designed to help the
utility estimate the dAeconomic | ifed of asse
replacement of water pipe aiding to the total cyfele cost analysis. Types of lotgm

economic forecast models presented through the survey consisted of Nessie Curves, Wave Rider
Model, KANEW andthe Computed Aided Rehabilitation of Water Networ@ARE-W) which

has d_.ong-Term Planningl(TP) tool to estimate the long term investment needs.
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Table8: Summary of Utility Inspection, Contiton Index/Performance Measurasd Models
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Cathodic Protection Program, Pipe 1.Reactive Renewal Program
Sampling, Leak Detection, Uibirectional
A Flushing Program, Water Main Internal YIY 2.Proactive Renewal Program
Lining Program, Vlve and Hydrant
Replacement Program, Neighborhood 3.Hydraulic Model
Program, and Hydroscope '
_ ) 1.Computer Aided Rehabilitation ¢
Nortinvasive Technology, Cathodic Water Networks (CAREN)
B Protection, Forensic, Sahara, Smart Bal N/N .
and Echologics Aagstic Wave Technology 2.Linearly Extended Yule Proce:
(LEYP)
1.Nessie Curve (Longerm
Econamic Forecast)
c Hazen Williams €Factor Test and Y/IN 2.Pipe Prioritization Replaceme
Corrosion Monitoring Stations
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3.Hydraulic Model
1.Wave Rider (Longl'erm Economic]
D Spot Checks N/N Forecast)
2.Water Main Replacement Mdde
1.KANEW (LongTerm Capital
E Linear Polarization Resistance, Magneti YIN Investment Forecast Tool)
Flux Leakage, U 2.PARMSPRIORITY (Water Main
Prediction Model)
Internal Visual/Sonding Inspection, 1.Nessie Curve (Longerm
Electromagnetic Inspection, Economic Forecasting Model)
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Ball, Leakfinder RT,_Acoustlc F_|ber Optics 2.UMP Condition Ratingystem
and Electrochemical Potential Survey
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H X X 1.Pipe Evaluation Model (PEM)
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X - Unavailable
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Many of these utilities also utilized some form of pipe condition/failure curve or prioritization
model in order to predict indidual pipe failure. The input parameters utilized to develop these
curves or prioritization model do vary significantly and are dependent on the type of model and
utility objectives. For example, a Canadian utility developed a proactive water main rdenewa
program to analyze area and candidate criteria rankings for water pipes. The area criteria
rankings are based from condition/material/maintenance history components, hydraulic
components and water quality components; while the candidate criteria a@kendpased on
components such as condition/break history, demographic, hydraulic, water quality and
economies of scale. Each component is separated into several categories which are given a rank
of 0 to 5 and are then applied to a weighting scheme. ihlak dcore is based on the total
number of points which is then classified into ranks.

The CAREW software is also used by a utility that includes fundamental instruments for
estimating the current and future conditions of water networks. Tools utifizedtifie program
consist of the Annual Rehabilitation Plan (ARP) from which annual rehabilitation projects are
selected and ranked and thieearly Extended Yule Proce$sEYP) tool which analyzes break
data to predict future break rateSnother software mgram called PARMS$RIORITY is
utilized by an Australian utility. This program predicts the condition of water pipelines based on
risk calculation, failure prediction, cost assessment, data exploration and scenario evaluation.

A Weibull distribution modebased on recent leak history of a particular pipe compared to the
risk cost of failure and repair against the replacement cost was also utilized by a utility for water
main replacementSpecifically, this model determines if individual water pipes aa or at the

end of their economic life by comparing the annual cost of a new pipe to the marginal risk cost
of the existing pipe. Another utility prioritizes pipe replacement projects utilizing a point system
based on the number of breaks, life expegtaartd maintenance cosi.similar point system

was also developed that comprises a combination of the age of the water main and its break
frequency where points are assigned based on year of installation and number of pipe breaks.
Pipes with seven or mempoints require referral.

A Pipe Evaluation Model (PEM) was also presented that is a comprehensive planning and
decision support tool designed to assess priorities for the replacement and rehabilitation of water
pipes. The model consists of assessmantbifa that are applied to different weighting schemes

to allow for the utility to adjust their model for annual priorities. Assessment factors include
physical (size, material type and age); geographical (soil, corrosion, field samples, paving and
redevebpment); hydraulic (Hazen Williams -factor, fire flow and operational pressure);
maintenance (breaks and leak rates) and quality of service/reliability (discolored water and
outage rate).
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Another utility developed a water pipe condition rating systent #@stablishes a baseline
condition rating for water pipes utilizing condition assessment protocol. The rating system
includes six parameters that aid in determining further inspections of pipes: land use, repair
history, operational needs, known manutfiaicty defects, last inspected and pipe diameter. Each
risk factor has a defined set of rating factors per a specific description of the risk factor. An
empirical formula utilizing the six parameters is used to define the risk value. Pipes with risk
values of approximately 80 are considered to be at risk, while a risk value of more than 100 is to
be at an increased risk.

Overall, many utilities feel confident about their condition prediction and/or failure models;
however, they do not consider evaluatiord avalidation of their models a prioritidtilities do

endure exceptionally different costs associated to their utility in relation to programs, software,
models, condition assessment, etc. The software and programs utilized by each utility vary
based ontheir needs and budgetMost of the utilities have some form gfeographical
information system@IS) database that stores their water pipe infrastructure data. In conclusion,
utilities are willing to usea robust condition prediction or deterioration ded if it is available

and piloted at various water utilities.

2.4 Global Research Organizations

Organizations worldwide have conducted research projects to help improve the predictability of
critical water mains. Some of the national and international @amns include the United
States Environmental Protection Agency (USEPA), American Water Works Association
(AWWA), Water Research Foundation (WaterRF), Commonwealth Scientific and Industrial
Research Organisation (CSIRO), National Research Council (NF@pda and the United
Kingdom Water Industry Research (UKWIR). Many of these organizations collaborate to
develop scientific achievements in the water pipe industry. These collaborations are prominent
since they allow organizations to learn from one otrad share information for the common
good.

Organizational research efforts have led to significant undertakings with projects including the
development of various software programs which focus on pipe failure forecasting, current
condition and strategiplanning techniques. Along with their variable focus, each technique
varies in their data needs, skills required and degree of sophistiGatEeRF 2000. A list of

these software programs is shown in Table 9
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Table9: Condition Assessment and Planning Technigadspted from WERK2000)

Technique Focus Data needs Sk|I_Is De_grge c_)f Commercialized
Required sophistication
FailNetStat Failure Forecasting High (Asset and High High Research in
Failure Data) Europe
WRc Trunk Current Condition/  Moderate High Basic Available as
Main Remaining Life Manual
Structural
Condition
CARE-W Strategic Planning Dependent on High High Yes inEurope &
with Rehab Tools Used u.s.
Planning
KANEW Strategic Tool for High High High Available
Replacing (Comprehensive through
Data) AWWARF
PARMS Decision Support for High (Asset and High High Produced by
Planning Asset Renewal Failure Data) CSIRO,
Australia
PARMS Decison Support for High (Asset and High High Produced by
PRIORITY Asset Renewal Failure Data/ CSIRO,
Future Costs) Australia
PIREP Decision Support High (Asset and High High No (Under
System for Rehab Failure Data) Development)
Planning
SCRAPS Bayesian Logic Moderate High Basic Available
Structue through WERF
UtilNets Reliability Support Very High (Asset  High High Prototype Stage
System and Failure Data)
D-WARP Long Term Planning High (Asset and High High Produced by
using Asset Failure  Failure Data) NRC, Canada
Curves
W-PIPER Engineering, Design Moderate Medium Medium Produced by US
and Maintenance Army Corps of
Engineers
AQUA- Forecasts the High (Condition & High High Developed in
WertMin 4.0 Deterioration of Asset Data) Germany
Pipe Condition &
Rehabiliation
Needs
EPAREL Failure Probability High (Asset & High High Developed by

Failure Data)

the Norwegian
Research
Institute
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2.5 Critical Review

Pipe infrastructure asset management normally requires the collection of a wide range of data
and a model to predithe condition and performance of pipe systems. Models for predicting the
condition and performance of water pipes are typically considered as deterministic, statistical,
probabilistic, ANN, fuzzy inferencand heuristic. The capabilities and limitatiaissach model

type are summarized below.

Deterministic models often utilize laboratory tests and sample specimens to acquire the
necessaryinformation neededso that relationships between components are certdihe
applicability of a deterministic modéd therefore restricted to a certain location and cannot be
used under various environmental conditioleterministic models are based on limited
parameters.Physical or mechanistisased models and empirical models are few examples of
deterministic mods. Empirical models can only be applied to homogenous groups of assets,
while mechanistic models are normally applied to individual assets. Empirical deterministic
models could be applied to pipes that have adequate and reliable histateapipelinefailure

data.

Statistical models primarily forecast the number of pipe failures with the use of maintenance
records and failure dataln recent years, many authors have used statistical models to predict
pipe failure. Typically, only select data paramees$ are used to determine failure rates; therefore,
methods are often applied in prioritizinget pipe parameters. his approachs usually only

applied to homogenous groups or cohorts of assets. Statistical models could be applied to pipes
that have andequate and reliable tirdependent historical databasewver, applicability of
statistical models is limited when considering newer pipes or cases with insufficient historical
and/or timedependentlata.

Physical probabilistic models entail the usestdtistical analysisespecially wherhistorical

failure or inspectiordata islimited or unavailable. Thesemodelsspecifically analyzehe affect
parameters have on pipe performance rather than evaluating the previous pipe failure history.
These modsl can predict the probabiligf failure for a single asset or for a network. Usually,

they are applied to pipes where the process of dedéinarand factors for failure aneell
understood.

Artificial Neural Networks determine pipe deterioration ratgkzing all variables that influence

the service life of a pipe. Eachnalyzedparameter can increase the system performance
reliability. Parameters can be prioritized by applying weights and learning algorithms. An
increase level of skill is involveoh developing these complex networkBata preprocessing,
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training and testing methods for selecting appropriate network are redgithis@pproach can be
used to develop model foran individual asset or entire network.

Fuzzy logicmodels specific} incorporate engineering judgmeartd professional experienite

order to predict infrastructure deterioratiprocess This type of model is often used where data

is scarce, causeffect knowledge is imprecise and observations and model criteria apsseq

in vague or fAfuzzyo ter ms. A riructing the relasstatd | e v e
deciding the defuzzification pecess for the final outpuThe fuzzy logicbased approach for pipe
deterioation modeling is an essentrakchanisnio incorporate professional opinions and expert
knowledge.

Heuristic models are scarce and limited in nature, but can illustrate how methodologies
incorporate engineering knowledge in the determination of failure rates. A limitation of using
engineeringknowledge is inconsistency in the expert judgments from individual to individual
and/or lack of personnel experience in making the judgments. However, model capabilities can
be improved by considering additional exgerowledge an@pinions.

From the curent practice review it is shown that many oé tivater utilities have takensiep
forward in developing predictive models. However, the models developed lack robustness and
reliability compared to the numerous models found in published literature. mipacison, many

of the models found in literature arelatively compliated for the average utility to apply to

their own water infrastructure system. Additional research is required to improve, evaluate, and
validate the deterioration prediction modelsaid inbridgingthe gap between the models found

in literature and the current utility practic@verall, this state of the technology review is a key
component which can provide readers, water utilities and research organizations options to
achieve coadinated outcomes for the future.

2.6 Conclusions

Highlighted below are the conclusions of the methodologies for predicting the
condition/performance of water pipes based on the literature and current practice reviews
previouslypresentedvithin this report Overall, there are significant challenges associated with
predicting the remaining economic life of water pipe infrastructure system.

1 A multitude d parametersinfluence the condition and performance of water pipe
infrastructure.

1 A number of mathematical rdels have been proposed in the literature and few utilities
have developed models and/or methods to manage water pipes.
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1 There are gaps between available mathematical models and current utility practice in
predicting water pipe condition/performance antufai
1 There are limitations in model capabilities and/or complexity in analysis and validating
these models.
1 Limitations of model capabilities are not in mathematics, but in lack of fundamental
understanding of pipe performance based on environmentaldacto
1 There is an inadequate understanding of pipe failure mode and mechanism.
1 There is a lack of historical database and standard data collection and analysis protocols.
1 There is no clear definition of pipe failure, some utilities consider water pipe aseak
failure while other utilities considerwater pipe burst/rupture adailure.
1 There is a lack of standard definition when it comes to such terms as condition curve,
deterioration curve, failure curve, performance curve, etc.
1 To achieve improved pip@anagement, utilities would like to know the following:
o What kind of condition information is necessary?
o At what level of detailata(temporal and spatial) should data be collected?
0o What level of accuracy is acceptable?
o0 How to evaluaterad validate condilon assessmeimgchnology?
o0 How to analyze and valitadeterioration mode?s

2.7 Recommendations

Highlighted below are the recommendations of the methodologies for predicting the
condition/performance of water pipes based on the literature and current epnastiews
presented within this pape®verall, there is a need for reliable deterioration model(s) to be
developed and piloted at various utilities. There are several recommendations to be made related
to improving the practice of water pipe infrastruetasset management.

1 Identify critical parameters that affect water pipe performance based on pipe material,
diameter, joint type, external and internal environmental factors, etc.

91 Data is criticalto managing pipe infrastructure effectively. At a minimuan,pipe
inventory and current information about pipe condition are essential.

1 There is an urgent need for the standardization of definitiodspaotocols to collect,

manageand analyze data related to the pipe infrastructure system.

Improve quality, quanty and accessibility of condition/performance assessment data.

Develop reliable and cosfffective technologies for condition/performance assessment.

Generate longerm performance data through accelerated testing.

Develop and/or modify existing modelshetter predict pipe condition/performance.

Significant uncertainties exist in existing models, and while it may not be possible to

eliminate them, they should be evaluated.

E I
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It is important to pilot existing and/or new models at various utilities for pedaise and
adoption.

A reliable pipe condition/performance deterioration model would greatly assist utilities.
Additional research is needed as to how to design more efficient andfiemsive data
collection strategies and how to extract informati@mfrexisting datasets.

New technologies with potential for improving the pipe condition/performance
assessment process continue to emerge, and utilities need help evaluating them.
Engineering practiceand research contins¢o change rapidly, and utilitieseed to
integrate the increasing body of knowledge.

Utilities must develop ithouse programs which will help them tagsitize R,R&R of
water pipes for individual pipe segments.

Emphasis must be placed on the statistical analysis and validation of medelsped.
Utilities need to develop and implement robust condition indices and performance
measures regarding their water pipe infrastructure system.
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2.8 Contribution of the Proposed Research to theCurrent Literature and Body of
Knowledge

Performance asssment and deterioration modeling have become a critical aspectayclée
asset managementn general, a welstructured management program increases the confidence
of decision making in regards to asset risk assessmentytife costing, energy amagement

and renewal options with associated cost§he proposed research aims at developing a
performance index for metallic pipelines and the prediction of pipeline deterioration .curves
Overall, these approaches lgadnaking confident asset managerhdecisions.

There have been many proposed methodologies in assessing or predicting the condition or failure
of water pipelines; however, the literature review revealed only few pipe condition or failure
models that have been developed utilizing theyunference methodology. After considering

the limited historical database and logistics of the pipeline infretstire system, the fuzzy
inferencemethoalogywas chosen for consttion of the performance model.

The proposed research is believed ®nhore comprehensive than the fuzzy logic reports
previously presented in this reporThis is because the previous models mainly focus on only
identifying a certairpipe characteristior influencingfactorthatcan leado pipeline failure and

not a rarge of factorsthat influence pipelin@erformance For exampleNajjaranet al (2006
assesses the pipe condition by relating soil properties to the CoP which mimics the existing
DIPRA 10-point scoring method and Rajaamd Tesfamarianf007) uses the WPSI model and
possibilistic approach to estimate the structural capacity of aging Cl water mains by determining
the remaining pipe wall thickness due to corrosi®articularly the proposed research defines
pipe performance through sttural, characteristic, external and functional propentigerms of

life expectancy, structural condition, break rate, internal condiggternal stress and external
corrosion. By evaluating each of these categories, key problem areas, as it telétespipe
performance, can be identified.

Due to the restrictions of the previously proposed fuzzy inference methodologies, very few
parameters are consideredThe proposedperformancemodel includesa broad range of
parametergiving this model the réability and consistency in determining the ovenaibe
performance rating.Other keyrestrictions to previous fuzzy prediction modeiscludes that

one model requires knowledge of thigrrent structural conditigrwhich israrely available and

two malels entail expensive and vigorous testimthe gathering of sufficient data

The proposed research will contribute to the ovehatiking water pipelindbody of knowledge
through the development of a data struce, pipeline performance index awcdmprehensive
index evaluation process Specifically, in developing the proposed research, the pipeline
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lifecycle, failure modes and mechanisms atada structure will be identified. All of these
concepts are crucial in identifying key pipeline deterioratmiteria and understanding the
lifetime of a water pipen order to develop a performance indekhe proposed data structure

and performance model will encourage water utilities to collect and document additional pipeline
parameters during the instal@at, inspection and R&R process. An extensive evaluation
process of the fuzzy inference performance model is also incluBeeviously many of the
authors have lacked an acceptable means of evaluating their developed algorithm. By assessing
a broad rage ofartificial, field and lab data, this evaluation process proves to be exceptional
when compared to previously published modelsstly, a future framework is set forth that
utilizes the predicted performance ratings in the development of detemoratrves. These
deterioration curves are specifically forecasted for individual subsets which can be used for
determining further inspection and the R,R&R of pipelines.
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3 Water Pipeline Performance Data

Water pipe ighe main component iadrinking water distribution system Most buried pipeline
networksin the pastiave been installed using open trench construction methloids typically
consist of placing pipes on a bedded material and then backfillihgday, many pipeline
networks are installedtilizing trenchless methods.Studies have shown that the structural
performance and behavior of the buried pipe is dependent on tgpé, @onstruction sequence,
compaction control, surface loadsd the type of pipe materiatilized (Heger 1985 Serpente
1993 Rajani 1996Boot 1998 Davies 1999Makar 2000.

The pipelines that are used in the municipal water systersist of varying pipe materigipes

Spedfic application of a material type is dependent on the location and design purposes of the
pipe to be installed. Consideration should be given to the pipe materials advantages,
disadvantages and failure modes. For examigel pipe is designed to ressiexternal loaslby

its inherent strength, whereas flexible pipe relies on the capacity of the surrounding soil to carry
the load and provide stability. All types of pipe can perform well, but the conditions for
satisfactory longerm performance varyfFurthermore, the performance criteria are different for
the different types of pipe: the severity of cracking is the main performance criterion for rigid
concrete pipe, whereas the degree of deflection is the main performance criterion for flexible
pipe. For the purpose of analysis or design or both, it is necessary to develop a complete
understanding of the failure modes and mechanisms of buried pipe infrastructure systems.

Many parameters affect thveater pipe infrastructure systems. Examples ofetlpesameters are
physical factorssuch as pipaliameter, agematerialand environmentafactors such as soill
properties and external loadingeffects of these parameters in relation to a particular pipe
material type may lead to failures such as crafilestures and holes which in turn lead to a
leaky pipe. Also, the effects @he parametemay amplify the effects of anotherFigure 1
shows examples of some ofde parameters which affqape deterioration in both she¢rm

and longterm.

To devéop a standard data structure, it is essential that the life cycle and failure modes and
mechanisms of a pipe are thoroughly understood. Knowing the various life phases of a pipe aids
in the development of a pipe data structure by giving one an undenstasfdvhen potential

failures can occur at each stage. Furthermore, a comprehensive understanding of the various
types of pipe failure modes and mechanisms aids in a complete list of potential factors or
attributes of a pipe which affect the performanta pipeline. Each of the factors playing a role

in affecting the pipe condition is classified into separate groups based on their characteristics.
Moreover, each parameter is prioritized based on parameter importance level in determining the
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overall ppe performance.A complement study pertaining to wastewater pipes was previously
published by Sinha et gR008.
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3.1 Water Pipe Materials

Various types of water pipeline materials have been installed over the past century. Each pipe
material is characteristically designed for certgiplations and provides their own advantages.
The design and installation of a specific pipe type should be taken into consideration and only
used where properly fiEor example, a ferrous pipeline should not be utilized in an area where
there are stragurrents present unless proper precautions have been taken such as installing
cathodic protection. Not providing cathodic protection for this particular installation may lead to
severe pipe corrosion and failure of the pigdwe following paragraphs gaan overview othe

most predominantly utilized wateipdine materiaé over the past 100 years.

Cast Iron Water Pipe

Aroundthe 190 greyCl pipes were introduced into the market aveteproduced by casting
molten iron in vertical sand moldsThe disadvantage of the cast in place CI pipes was the lack

of a uniform thickness due to the misalignment of the central core mold; therefore, spun grey
iron pipes were introduced around the 1930s and were widespread till 1960. This process
included pouringmnolten CI into cylindrical molds that were made out of metal and sand lined,
which rotated at high speeds. The centrifugal force formed the pipe(Red 2005

Cl water pipes were predominatdlystalled beforethe introduction ofDI and thermopladti
materials. Today CI is no longer ude however, many water utilitiestill have a very high
percentage of pit or spun CI pipeline The main advantageof Cl was its low cost.
Disadvantagesicludethat they are structurally wead are subjected toternal corrosiorhat
can lead to water quality problem#\lso, age is not a good indicator of its structural condition
since the older pi€l pipes have thicker walls than tleerspunCl pipes(Reed 200%

Ductile Iron Water Pipe

In 1955, DI pipe wasntroduced tothe pipeline construction industryp replace CI due to its
additional strength, toughness and ductilifyl differs from ClI as it is in @phite form which is
spheroidal, while CI takes on a flake farmA cementmortar is normally used folining
purposegReed 2005k

DI water pipes are primarily used where there are heavy traffic loads, the ground is subject to
movement and subsidence and where there is contaminated land. The primary advantages of
using DI is its high strength and tougless, resistance to pressure fatigue,| wstablished
methods of repair anisnpermeability to organic contaminants. Alsmported bedding is not
required. Disadvantages include that they require protection against internal and external
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corrosion, therds a potential rise in pH when conveying soft waters, corrosion protection
systems are at risk in certain spilseyare susceptibleo impact and accidental damaayedthey

are susceptible to attack by stray curren@aution should be useglhere thereare aggressive
waters andvhere thereuns a risk of stray current interfereni@eed 200%

Polyethylene Pipes

Il n t he PEL@pESOMBre introduced. More modern materials then became available from
1980 to 1990. One material that became available it he ear |l y 198006s was
polyethylene (MDPE) which was used over earlier low density polyethylene (LDPE) and high
density polyethygne (HDPE) due to improved weddbility and resistance to crack growthk.

should be noted th&E pipes arelie same type of polymer (plastomers) as PVC pipesd

2009.

PE pipes are primarily used in low to medium stress applications and where the ground is subject
to movement and subsidenceThe main advantages of using PE pipes is their corrosion
resistane; flexibility; toughness; ability to absorb impact loads, vibration and ground movement;
suitability for narrow trenching and trenchless applications; suitability for rehabilitation; ability
to be welded to form a leak free end load resistance systenthandhey are lightweight.
Disadvantages include that thare susceptible to permeationdegradation by certaiorganic
contaminantsselected ommported bedding is required, dependent on stable support from ground
to resist deformation, susceptible YV degradation and run the risk of floatatio€aution

should be usedhere there is contaminated lafRieed 200h To help provide stability against

UV degradation, PE pipes are typically impregnated with carbon black.

Polyvinyl Chloride Water Pipes

PVC pipe was introduced for water distributio
synthetic polymer which ialarge molecule made up of many smaller units used to create a long

chain. These chains and organic connections are obtained thmmagissing of natural products

or through synthesis of primary materials from oil, gas or coal. Each of these chains is made up

of monomers which contain carbon and hydrogen as well as other elements such as oxygen,
nitrogen, chlorine or fluorin€Reed 206). During pipe manufacturing plasticizers are also often

added to make the PVC pipes more ductile.

PVC pipes are primarily used in most low stress applications. The advantages of usiagePVC
their corrosion resistancehigh resistance to chemicaltatk and the fact that they are
lightweight Disadvantages include that they are susceptible to permeatotegradation by
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certain organic contaminants, susceptible to point loading and impact damage, certain grades are
susceptible to UV degradationrthe risk of fracture in contaminated land, selecrdachported
beddingis required, dependent on stable support from ground to resist deformation, requires care
in handling and runs the risk of floatatio@aution should be used wherere is coraminated

land, surge conditionand where the ground is subject to movement and subsidBessl

2006.

Pre-Stressed Concrete Cylinder Water Pipes

In 1942, PCCP were first developed in the UBere are two types of PCCP: lined PCCP,
where the concrete aris lined witha steel cylindeand embedded PCCP, where #teel
cylinder is embedded within a concrete coreSpecifically the concrete coiie place by a
centrifugal process, radial compaction by vertical casting. Once cured, the pipe is wrapped
with high strength wirevhich hasa stress of 75% of the minimum specified tensile strength.
Thick cement slurry then embeds the wire and is finished with a dense mortar ¢Bataty
2006.

PCCP pipes are primarily used in heavy trafficked roads, congdeai organic land andhere

the ground is subject to movement. The advantages of using RECeir resistance to
corrosion high beam strength and rigidiand are impermeable to organic contaminants. Also, a
high degree of compaction is not requirddisadvantages include that they are very heavy and
are vulnerable to chemical attack from certain soils and wat@asition should be useghere
there are aggressive soils and wafBsed 200h

Asbestos Cement Pipes

Asbestos cement (AC) pipes wereif s t introduced in the 193060s

pipe from 1950 to 1960. The manufacturing then ceased in the UK in 1986 and was banned in
many states ofthe B.i n t he 19906s. ipds eongistedf dement sluoyn o f
containing approximately 2% by weight of chrysotile (white asbestos) fibers and Portland
cement. The mixture/as fed into layers onto the outer surface of a smooth rotating mandrel and
consolidated by pressure. The pipas then matured underater for several daywhere it wa
trimmed to the appropriate lengiReed 200%

AC pipes wergrimarily used in heavy trafficked areas, contaminated land (orgamécyvhere
the ground ws subject to minor movemenAdvantages of using AC pipes were th&irength
and rigdity, ability to withstand fluctuating pressure and surgaed their corrosion resistante
most soils and waterémported bedding wsanot required. Disadvantages include that they are
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susceptible to impact and accidental damage and they are vulntratiemical atick by
certain soils and water@Reed 2008k

3.2 Life Cycle

I n order to understand the various types of p
lifecycle. Specifically, the lifecycle of a pipeline infrastructure systensistsofthe designand
manufacturing, transportation and construction, and operation and maintenance phlhses

R,R&R are consideredas external influencesthat will also dfect the life cycle of the
infrastructuresystem. Thesmfrastructure gstemsexhibita common behavior which ksiown

as the bathtub theory. This bathtub theory is a function of the probability of failure with time.
The name fAbathtubd comes from t he | i(Farshacc o mmo n
2006. A representation of the bathtub theory as related to the failure probability of piping
systemssseen in Figure.

A

4
Failure Event P 4

Frobability of Failure

\ ‘
Premature Failure Service Life
>
Design Transportation Operation Time
& & &
Mamdacturing Construction Maintenance

Figure2: Bathtub Theory
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The bathtub theory illustrates that the water pipe matybe in perfect conditiowhen placed
andinstalled in the ground. Some defects and damage may have taken place dulegjghe

and manufacturing processes which ultimately lowers the quality of the overall product. Some
causes of failure which can occur during the design and manufacturing stages are poor design,
poor project planning, dimensioning, observation and quedityrol, manufacturing defectand

storage. The construction process may also have a permanent effect on pipe failure; examples
include faiure due to transit, human errand poor workmanship. Careless or improper
construction processes may also lowerperformance othepipe. Throughout years of service,
operation and maintenance will also affect the pipe performance through various failure causes
such as mechanical, thermal, chemical, biological, external interferences, natural catastrophes,
inappopriate services and maintenandetable illustrating the complete life cycle of a pipeline

is seen in Table@(Boot 1998 Makar 2000 Makar 2001 Moser 2001 Garcia 2002Kellagher

2002 NASSCO 2003NRC-CNRC 2003 Burn 2005 Kleiner et al. 2005Najafi 2005 Cassa

2006 Grigg 2007 Le Gouellec 200;7Thomson 200y
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TablelQ: Life Cycle of a Water Pipeline

Design

Poor Design

Connection, Vertical Connection, Thrust Restraint, Rifl Thickness, Special Applications
(Mechanical Vulnerable Materi&l,PCCP,AC), (Coating, Corrosion Cont@l,DI) ,
(Chemical Vulnerable Materiall,DI,PCCP,AC), (Organic Substance Contrdit,PVC)

Poor Project Planning

Improper Connection, Time kiited Design, Poor Assumptions of Environment, Internal
Pressure, Temperature, (Undzesign for LoaeCl, PE, PVC)

Dimensioning

Manufacture

Manufacturing Defects

Pipe Wall Thickness, Inclusions of Unintended Structures, Surface Defects, Poor Fabyric
(Porosity due to Air PockessI,PE,PVC,PCCP,AC), (Cheap Composite Materig|PVC),
(Substandard Materi&|,PCCP,AC), (Unspecified Material Contedl)

Storage

Time, Tall Stacks, (Excessive HeRE,PVC)

Observation & Quality Control

Construction

Transit

External DamageChange in DimensiorfCoating Damag€|,DI)

Human Error

Third Party Damage

Poor Workmanship

Improper Connections, Pipe Bedding, Poor Backfilling Material, Impact Damage, (Lining
IssuesClI,DI,PCCP), (External CoatirGl,DI)

Observation & Quality Control

Operation & Maintenance

Mechanical

Material Properties, Hydraulic Factors
Thermal

Temperature Failures

Biological

Microbiologically Influenced Corrosion
External Interference

Movement of Soil, Tensile & Gupression Failures
Internal Interference

Fatigue

Natural Catastrophe

Inappropriate Service/Maintenance

R,R&R

Design Error
Manufacturing Error

Construction Error
Operation & Maintenance Error
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3.3 Failure Modes and Mechanisms

The failure procesm buried pipes is much more complex than expected. At the most basic level
pipe failures are caused by applied forces exceeding the residual strength of the pipe material. In
general, the forces applied to buried pipe can be considered as five:ghmgesproduced by
internal pressure; bending forces; crushing forces; moWement induced tensile forcesd
temperature induced expansive forces. The proper repair of failures depends on knowing the
causes and selecting the appropriate repair proceduaéstake these causes into account;
otherwise, the repair may only be temporaBeveloping a list of the particular failure modes

and mechanism&xamines the durability and performance of buried pipes and will help
municipal and utility engineers to ueidtand the effects of various factarsdto determine the

best pipe material for specific site conditions.

Failure modes of water pipese defined as each type of failure which occurs within the pipe.
The failure mechanism is an event which cause®iie to reach one anultiple strength and
serviceability limit stategFarshad 206). Limit statesaredefined into two states: ultimate limit
state and serviceability limit state. The ultimate limit state defines a condition at which the
strength of the pipe is reachedAn example of this state would be mpe burst The
servieability limit state defines a condition at which a particular function of the pipe is no longer
fulfilled. Examples of this state may be dar deformationsa loss of water tightness and
buckling (Farshad 2006

A complete list of the various failure modes and mechanisms of pipe mavesi@eveloped

based on a thorough literagureview and working closely with the various pipe associations and
are shownin Table 11 (Boot 1998 Makar 2000 Makar 2001 Moser 2001 Garcia 2002
Kellagher 2002 NASSCO 2003 NRC-CNRC 2003 Burn 2005 Kleiner & al. 2005 Najafi

2005 Cassa 2006Grigg 2007 Le Gouellec 2007Thomson 200) As shown some failure
modes can be found in all material types such as cra¢kragk line visible on the surface and

not physically openedand fractureqcrack tha has visibly openegd)however, other failure
modes are more specific to a particular pipe
only considered a failure mode in PE and PVC pipes due to the materials ductility in comparison
to more rigid madrial types such as DI and PCCP. Alsofditure ofthefi | i ni ngo wi | |
seen in material pipe types such as ClI, DI, PCCP and AC since these pipes typically are lined at
the beginning or sometime throughout their lifetime to improve overall pidgyqua
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Tablell: Failure Modes and Mechanisms

Failure Mode Failure Mechanism Material
Circumferential Bending mome_ntapplled to the pipe and soil .
movements which produce tensile forces on pipe
o Internal water pressure, crushing forces acting on the
Longitudinal : . .
pipe, and/or compressive forces along the pipe Al
Spiral Pressure surges and/or combination of bending force
P internal pressure
o | an: Combination of stresses that cause longitudinal and
c | Mixed : : .
.~ circumferenial cracking
(]
s Axial tension, bending, traffic load, settlement, uplift,
O | Ring production, fatigue, residual stresses, terapee, and
frost
Axial Intgrnal pressure, bending, traffic load, production, PE, PVC
residud stresses, and frost
Environmental such as chemicplasiticizers), UV ad
Irregular .
stress cracking
RCP Dynamic loading at low temperatures
Circumferential Bending mome_ntapplled to the pipe and soil _
movements which produce tensile forces on pipe
® L Internal water pressure, crushing forces acting on the
Q | Longitudinal : i .
3 pipe, and/or compressive forces along the pipe Al
(] . . .
o : Pressure surges andcombination of bending moment
L | Spiral :
and internal pressure
. Combination of stresses that cause longitudinal and
Mixed : . :
circumferential cracking
, External pressure, axial compression, temperatures, f
Axial . .
and interventions
g’ Transverse/ External pressure, axial compression, production, res
< | Ring stresses, high temperatures, fingg anterventions PE, PVC
>
m | Non . Longitudinal bending and brazier effect
Symmetric
Longitudinal | Axial compression and thermal effects
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Tablell: Failure Modes and Mechanisms Cont.

Failure Mode Failure Mechanism Material
Snap
Through/2 External pressure
Sided
Internal/external pressure,axial
Burst tension/compressiqn,bending_,traﬁic o . .
- load,settlement,uplift,production,impact,vibration,fatigue,fi
44 frost,abrasion,chemicals, biological,interventions
@ Blown Propagating britd fracture bifurcates and then rejoins the PE, PVC
% Section original crack path
§ ggﬁglng Occurs during tapping
Perforation Stress intensity factor doesn't exceed the material frapture
toughness before the crack tranverses the full wall thickne
Pinhole Exterral point load, impact, and third party damage
Blowout L . Cl, DI,
Pipe is thinned and water pressure blows out the remainirt PCCP,
Holes
RC, AC
Voids Production and chemicals
External Production, impact, fatigue, UV radiafi, frost, chemicals,
2 | Blister and abrasion
o
E :E?Iti:trgfl Production, fatigue, chemicals, and abrasion PE. PVC
2 | Blazes Osmosis
0

Delamination

Internal pressure, external pressure, axial compression,
production, impact, fatigue, UV radiation, frost, chemicals|

andabrasion
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Tablell: Failure Modes and Mechanisms Cont.

Failure Mode Failure Mechanism Material
Roughness
Increased/ , : .
Agg.Visible/ Hydr_ogen Sulfide attack or other mechanical or chemic PCCP, AC
S erosion
Projecting/
Missing
W|r_es \./'Sble/ Hydrogen Sulfide attack or other mechanical or chemic
o | Projecting/ . PCCP
S | Brok erosion
2 | Broken
% Surface Movement of pipe, a chipped pipe, or the expansion ac
o ' i PCCP
> Spalling of corroded reinforcement
(]
& | Corrosion Chemicals Attack Cl, DI
>
9 | Tuberculation | Corrosion built up due to low flow velocities All
Deterioration/ Total breakagecollapse fire damage, andisintegration
Disintegration 9 PSe, ge. g
Change in Production, high temperatures, UV radiation, frost, PE. PVC
Color chemicals, biologial, and interventions ’
Abrasion/ Interventions, flow velocity, internal pressure, productio
Erosion chemicals
(@]
% Through/ Internal pressure, axial tension, bending, settlement, ug
N | External/ . : : PE, PVC
< fatigue,chemicals, and residual stresses
O | Internal
o | Detached Poor installation and maintenance damage
>
S | Blistered Improper installation and defective material Cl. DI
LL b k)
E’ Buckled Poor installation and defective material PCCP, AC
c
— | Wrinkled Excesgamaterial on the inside radius
o Improper installation, pull out, differential settlement,
S | Loss of ) . .
% | Tightness defect!ve material, r_ubber gasket is dama_ged, poor
L adhesion, degradation, corrosion, and axial deflection All
c Differential settlement, external pressure, degradation,
o | Broken ) . ;
) thermal expansion, corrosion, and cracking
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3.4 Data Structure

Understanding of the pipesd |ifecycle and cl
mechanisms helps one to identify the parameters that #dfiegipes overall quality, condition

and/or performance. Collecting and analyzing these separate pipe parameters leads to a data
structure whichareusedas inputgo develop aondition or performance index and deterioration
prediction model that helpso aid in the asset management decision making process of
prioritizing inspection, R,R&R, planning operation and maintenance, developing capital
improvement programs and making high level decisions. The parameters of a pipeline can be
categorized into Ve classes based on their characteristics: physical/structural,
operational/functional, environmentaindncial andothers. These classes are presented in
Figure3.

Physi Operat_ Eti o
StructuraFIunctlongtljlramet
Par e&eameqt Par amelt

N V e«
Drinking Wat

AN

Fi nanc Ot her
Consi de Par ame|t

Figure3: Classification of Pipe Parameters

Gathering of thé data for each of the pipe parameters can be overwhelming especially for
smaller cities and townships due to lack of a historical database and available tools and
workforce; therefore, a Bronze, Silver and Gold data structure was devdbaged on a
thorough analysis of the pipe failure modes and mechanisms and in collaboration with various
pipe associations and water utilities to help prioritize essential parameters that can be used in
performance predictionThe main distinction between these threexddituctures are the number

of parameters a utility should colleclkt is important to recognize that some parameters may be
more influential to certain utilities in performance prediction than others. For example tidal
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influences typically only influere utilities which are located along the ocean while this is not a
factor in many of the utilities located midland.

Currently, many utilities do not have a strong database which consists of theanggieg pipe
gualities, features or characteristics. thgut these parameters it is difficult for water utilities to
prioritize inspectionR,R&R and even budget for the upcoming years. The goal in developing
these separate data structures is to encourage water utilities to start collecting and improving
their existing databaseMeans of collecting data include direct record, derived, downloaded or
educated guess; however, gathering the data using methods such as deriving, downloading and
by an educated guess may lower the overall reliability of the data.

Thorough analysis along with a complete understanding of the water pipes lifecycle and various
failure modes and mechanisms help to develop a list comprising of each parameter that affects a

pi pes6 performance | evel. aametarsawihith,makeshup e | | st
standard data structure. Specifically, each parameter is classified based on the category of a
parameter and is constructed into a Bronze, Silver and Gold data structure as a result of the
priority or overall role a parametperl ays i n deter mi ni ng stléctonspi pes ¢
of parameters which make up each data structure were based on various discussions with pipe
associations and utility managers.

The Bronze, Silver and Gold data structure is illustrated in THblisting each pipe parameter
under its particular pipe classification as shown in FiguiBl&k&Veatch 1999USEPA 1999
Rajani et al. 2000Kathula 2001 Makar 2001 Baptista 2002 Deb et al. 2002Garcia 2002
Kellagher 2002 Mays 2002 Stone et al. 20Q2UKWIR 2002 NASSCO 2003 Szeliga 2003
Heastad 2004NRC-CNRC 2004 Najafi 2005 Royer 2005 Saegrov 2005AIl-Barqawi and
Zayed 2006Mehta 2006 Chughtai 2007Elsayegh 2007Le Gouellec 200;7Starling 2007.

Bronze Data Structure

The Bronze data structure is for utilities which are small and do not have a lot -dfomandue

to a smaller workforce. This structure is highlighted by the white cells in Tablehich

consists of 2%arameters that are considered the most valuable and attainable in terms of asset
management. Parameters included in this data structure consisted of critical parameters
classifying the pipe such as material type, age, depth, location, design lifgjpsoilive and

dead loads, operational pressure, pipe records, service type, financial costs and a few others.
Most of these parameters should be easily located in a utility database and records.

72



Silver Data Structure

The Silver data structure is fotilities which are larger than Bronze utilities; however, still may

not have a large team specialized in the asset management of water pipelines. This structure
consists of the Bronze data structure along with 25 additional parameters which are hajhlighte

by the light grey cells in Table2l Parameters included in this data structure consist of physical
parameters which describe the pipesd characte
protection and external coating; environmental parametat include factors which can affect
corrosivity and loading levels of a pipe such as groundwater table, stray currents, flooding and
bedding condition; and operational parameters that further describe the function of the pipe such

as flow velocity, pessure surges and pressure limitations.

Gold Data Structure

The Gold data structure is for the utilities which represent some of the largest cities within the
U.S. and already have their own team devoted to the continuation and improvement to their asset
management strategy. This structure includes the Bronze and Silver data structure along with all
other existing pipe parameters which are highlighted by the darker grey cells in Pable 1
Overall, the Gold data structure represents all parameters de¥imel consists of over 100

factors. Some of these parameters such as soil disturbance, average closeness to trees and other
failing utilities may be difficult to attain while others such as dissolved oxygen content and
alkalinity are vaguely understood terms of how their affect determines the pipe performance

level.

3.5 Data Collection Protocol

Data colection of each parameter ¢@stly and time consuming. Sources of where a parameter
can be located include utility records, construction specificatiodyalic model, product
standards, pipe sample geotechnical records, aerial photography, customer complaints, other
testing and thnagh an online database. Talile illustrates each water pipe parameter and its
collection source by the Bronze, Silver anold&Data Structure.
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Tablel2 Water Pipe Data Structure

External Coating

Physical/Structural Environmental Parameters Operational/Functional
Parameters Parameters
Node Identification Number Land Cover Operational Pressure
Node Length Soil Type Pipe Renewal Record
Material Type Water Source Pipe Failure Record
Nominal Diameter Dead Load Water Quality Violations
Age Live Load O&M Practices
Depth Climate- Temperature Consumption
Location Soil Corrosivity Service Type
Design Life Groundwagr Table Pressure Limitations
Joint Type Bedding Condition Water Temperature
Lining Stray Currents Water Flow Velocity
Cathodic Protection Frost Penetration Pressure Surges
Vintage Soil Moisture Content Pipe Inspection Record
Wall Thickness Flooding Leakage Amount
Installation Pressure Complaints

Wire Type (PCCP only)

Financial Considerations

Discolored Water

Capital Cost

Annual OperatiorCost

Annual Maintenance Cost

Annual Rehabilitation Cost

*Data Structure Clas®ronze (White); Silver (White and Light Grey); Gold (White, Light Grey and Dark Grey)

Installed & Replacement Cos

Other Parameters

74

Leakage Allowance




Tablel3: Parameter Sources

Parameter

Sources

Node Identification Number

Utility Records

'S | Node Length Utility Records, Construction Specification
g Material Type Utility Records, Construction Specification, Pipe Sagnpl
2 Nomi . Utility Records, Construction Specification, Product Standards, Pipe
7 ominal Diameter Sample
S | Age Utility Records, Construction Specification
% | Depth Utility Records, Construction Specification, Other Testing
T | Location Utility Records, Constructionggcification, Other Testing
Design Life Utility Records, Product Standards
B | Land Cover gtility Records, Construction Specification, Aerial Photography, Online
c atabase
GE’ Soil Type Utility Records, Geotechnical Records, Other Testing, Odagbase
S | Water Source Utility Records
E Dead Load Utility Records, Construction Specification, Aerial Photography
W | Live Load

Utility Records, Other Testing

Operational/
Functional

Operational Pressure

Utility Records, Hydraulic Mdel, Other Testing

Pipe Renewal Record

Utility Records

Pipe Failure Record

Utility Records

Water Quality Violations

Utility Records, Other Testing

O&M Practices

Utility Records

External Coating

Consumption Utility Records
Service Type Utility Records, Construmn Specification, Hydraulic Model
__ | Capital Cost Utility Records
-g Annual Operation Cost Utility Records
S | Annual Maintenance Cost Utility Records
L% Annual Rehabilitation Cost Utility Records
Installed & Replacement Cos] Utility Records
Joint Type Utility Records, Construction Specification, Product Standards
_ | Lining Utility Records, Construction Specification, Product Standards, Pipe
s Sample
g Cathodic Protection Utility Records, Construction Specification
2 | Vintage Utility Records, Construction Specification, Product Standards
% Wall Thickness gglrirt]y Records, Construction Specification, Product Standards, Pipe
= ple
2 | Installation Utility Records, Construction Specification
o Utility Records, Constructio Specification, Product Standards, Pipe

Sample

Wire Type (PCCP Only)

Utility Records, Product Standards

*Data Structure Clas®ronze (White); Silver (White and Light Grey); Gold (White, Light Grey and Dark Grey)
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Tablel3: Parameter Sources Cont

Parameter Sources
Climate Temperature Utility Records, Online Database
__ | Soil Corrosivity Utility Records, Geotechnical Records, Other Testing
g Groundwater Table Utility Records, Geotechnical Records, Other Testing, Online Database
GEJ BeddingCondition Utility Records, Construction Specification, Other Testing
§ Stray Currents _l#ggm gecords, Construction Specification, Geotechnical Records, Othel
uz] Frost Penetration Utility Records, Other Testing, Online Database
Soil Moisture Corgnt Utility Records, Geotechnical Records, Other Testing
Flooding Utility Records, Aerial Photography, Online Database
<= | _Pressure Limitations Utility Records, Product Standards
S | Water Temperature Utility Records, Other Testing
‘§ Water Flow Velocity Utility Records, Hydraulic Model, Other Testing
T | Pressure Surges Utility Records, Hydraulic Model
= | Pipe Inspection Record Utility Records
S | Leakage Amount Utility Records, Hydraulic Model, Other Testing
'g Pressure Complaints Utility Records, Customer Complaints
2 | Discolored Water Utility Records, Customer Complaints, Other Testing
O | Leakage Allowance Utility Records

*Data Structure Clas®ronze (White); Silver (White and Lightey); Gold (White, Light Grey and Dark Grey)
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Tablel3: Parameter Sources Cont

Parameter Sources

*Data Structure Clas8ronze (White); Silver (White and Light Grey); Gold (White, Light Grey and Dark Grey)

e



4 Developmentof a Water Pipeline Performance Index

Pipeline perdrmance assessment is crucial in determining the overall performance of individual
pipe assets and identifying key areas of infrastructure in need of future insEEdidh R&R

With a complete understanding of the infrastructures lifecycle, failure snadeé mechanisms

and data structurean index is developed to predict the overall performance of individual
metallic watepipelines.

4.1 Methodology of the Pipdine Performance Index

This section provides the theoretical background of the methods, weigitted and fuzzy
inference, used to develop the water pipe performance index.

4.1.1 Weighted Factor

The weighted factor methodology provides a technique capable of combining qualitative and
guantitative factorgKumar 2009. In particular, each factor or parameter is assigned a score and
is allocateda weight based on its relative importandée weighted factor equatios shownas

W | W T r w 8 (1)
where,

y is the performance index
Uboé are the weights
x1, X2, »»a&aé amee erhescores

4.1.2 Fuzzy Inference

The notion of fuzzy sets classified with a continuum of grades of membership ns@s fi
introduced in 1965 by Zadgli969. Unlike the binary set theory that can only describe crisp
events, the theory of fuzzy logic is based on graded memberships that c.camtator
uncertainty in eventdMohanda In particular, the membership functions define the fuzzy logic
system allowing for the capability of modeling imprecise data and vague statements. Fuzzy
logic also allows for representation of interrelationshipsveet input parameters and can
incorporate the use of expert judgments.

The two most acknowledged types of fuzzy inference methods are the Mamdani and Sugeno.
The Mamdani method was first introduced in 1975 by Mamdani and Asgligatd, while the
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Sugeno method was introduced in 1985 by Sud&885. The Mamdani and Sugeno inference
methods separate themselves from one another by the way the output membership function is
defined. Specifically, the output membership function utilizing the Mamdani method is expected

to be in fuzzy sets while the Sugeputput membership function must be linear or tamts

(Sivanandam et al. 20RAVithin this research, the Mamdani fuzzy inference method was chosen
over the Sugeno method since the fuzzy sets can account for the uncertainties and imprecision of
input data. The Mamdani nietd also has widespread acceptance.

Fuzzy logic is not limited to the number of inputs and outputs; however, the greater number
makes the analysis process more complex. The fuzzy logic system is defined by membership

functions that are formulized throlig

i nsights

of a

category

struc

These membership functions are then subjected to fuzinenf rules created through expert
knowledge. Through aggregation of the truncated output functions and defuzzification, a

resultant sigle output value is calculated. Overall the fuzzy logic methodology consists of

aprwdPRE

Defining the input variables through membership functions.
Determining and applying the logical operations.

Finding the consequence of each rule considering the weighugmat éunction.
Aggregation of the consequences.
Defuzzification of the output distribution into a single value.

A diagram illustrating the fuzzy process dam seen in Figure.4Each of these steps is further
defined in the following sections.

Input Variables

>| Application of Logical Operator

N

Aggregation

> Defuzzification

Age

Pressure

/N

| output is low priority.

{ ™
Rule 1 IF age is young; THEN

J

[ Rule 2 IF age is old; THEN
X outputis high priority.

L

-
Rule 3 [IF break rate is high;

N\
\/

| THEN output is high priority. )

Figure4: Fuzzy Logic Process
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4.1.2.1 Input Variables & Membership Functions

Binary or classic sets are also known as fAcri
on whether the member belongs to a set or does not. Conversely &igzgas possess a
continuum grade of membership that can haalaes varying between 0 andMohanda

Let A represent the fuzzy set in thaiverse of discoursX andx be an element withiXX. By
definition the membership function @ of fuzzy setA is a function of

~

GO Tip 2

where,
* is a characteristic function for set A
X is the universe of discourse

The membership degree for any elemeint X can then be described by
Cow N Tip ©)

where,
‘ ® is the membership function of fuzzy set A

The fuzzy seA is then expressed as

6 ot ® ovd (4)

where,
X is an element within X

A membership function is a line or curve that defines how each point in the input space is
mapped to the degree of membership. The membership function can represent fuzzg concept
such as fiyoungo or ol do ,are Beverah typesoof memberSHipa r g e ©
functions which include triangulehaped, trapezoidahaped, Gaussisshaped, generalized
bell-shaped, sigmoidallghaped, shaped, =& h a p e d -shapedl Feor this research, the
triangularshaped membership function waelected due to its widely accepted use and
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simplicity. Choosing the other available membership functions would have led to the difficulty
in defining the curvature of each line. With the available degree of reasoning as regards to the
role the input peameter plays in determination of the resultant output, utilizing the curve
functions is unreasonable due to the lack of accuracy.

The triangularshaped membership function is represented by a set of three points that form a
triangle. The degree of membhip can be defined for each input and output variable. An
example of the trianguleshaped membership function can be seen in Figure

Figure5: TriangularShaped Membership Function

4.1.2.2 Logical Operations & Rule Statements

Input variables that have been fuzzified are subjected to linguistic statements developed through
engineering judgments. These statements aiteeif rules that are developed to illustrate the
input relationship with the output. An example of arthén rule statement showing the
relationship betweemput 1andOutput 1lis

Al input 1 is A, THEN output 1 i

N

Fuzzy logic also has the capability of modeling the interrelationships between parameters using
Boolean logic operators AND, OR, and NOT. An exéngf a rule statement modeling the
interrelationship betweemput 1andinput 2utilizing the AND operator is

Al F input 1 is A AND input 2 is B THE

These operators are also defined as the minimum, maximum and complement operations. A
diagram illustrating how the fuzzy inference links with the logical operai®slown inFigure

6. Along with defining each ithen rule statement, weights are assigned to each rule to prioritize
the significance of the4then statement as it pertaimsthe output.
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Figure6: Logical Operations (Adapted from Matlab Fuzzy Logic Toolbox User Guide 2010)

4.1.2.3 Consequence & Aggregation

The resultant consequence of each rule statement is determirlee dwaluating the fuzzified

inputs in respect to each rule and the rule strength. Based on these controls, the output function
for each rule is truncated. Following the consequence, aggregation is concluded by combining
each rules truncated fuzzy set output into a single fuzzy seeseTluzzy output sets can be
aggregated into a single fuzzy set utilizing the maximum, probabilistic OR (algebraic sum) or
summation (sum of each rules output set) operator. effeeteach aggregation operator has on

the consequenas shownin Figure7. Unlike the maximum operator that only accounts for the
maximum value of the resulting truncated membership function; the summation operator was
chosen within this research since it represents all truncated values from the output membership
function.
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Figure7: Consequence and Aggregation

4.1.2.4 Defuzzification

Using the Mamdani fuzzy inference method, the aggregate output fuzzy set is defuzzified into a
single output value. Several techniques can be used for defuzzificatiomididnisector, mean

value of maximum (MOM), smallest value of maximum (SOM) and largest value of maximum
(LOM).

The centroid technique returns the center of the area beneath the curve; while the bisector
techniquedivides the region into two sulegionsof equal area. The MOM, SOM, and LOM
techniques give the mean, smallest and largest value of the maxialuenof the aggregated

output membership function Since theMOM techniquereturns the mean maximum value
assumed by the aggregatembership funabn, this techniquevas selected for this reseh
allowingfora perfect fnAexcellentod score when al/l i np
Avery po Methodssuchoas the centroid and bisector technique will only come close to

and will never fall on thehighest olowest possiblscore.

83



4.2 Model Development

The water pipe performance modelspecifically designed to analyze metallic material pipsline
since they entail the majority of it@tled water pipelines in the.8 as shown in Tablé. It is
important in analyzing these material types to take into consideration specific parameters directly
affecting the chemical makgp of the pipe. For example, pipe corrosion is often a failure mode
related to metallic materials. Factors such akarhAc protection, stray currents,sdimilar
materials, pipecoating,and soilcorrosivity are just some of the factors that can help control
and/or justify the level of pipe corrosion.

The performance level of a pipeline not only considers the curagrdition of the pipeline but

also how the pipeline is functioning given the pipelines characteristics and internal and external
environments. How the pipe characteristics react to the surrounding environment will relate
directly to the rate of corrosicand various failure modes due to implicit stress. With that said, it

is important when analyzing metallic pipeline performance to consider the current condition of
the pipeline, internal stress, external stress, internal corrosion and external corrosion.

As documented in the review of literature and current practice, theregisahdisconnect
between the two when it comes to tools used to evaluate the condition and predict pipe failure.
Most of the previous models developed are primarily based on acaeeencises that consider

few parameters and are not successfully validated using a current utility datdloaaddress

this concern, te performance index will be unlike any of the other models presented in the
literature review as it is developed basen working closely with various utilities.Many
additional parameters will also be considevelich is unfounded in other published models.
The developedperformance indexaupled with a solid evaluatioprocesswill prove to be a
successful model whiic can be used by current utilities as an effective tool to evaluate the
performance of their current drinking water infrastructure.

Before a value of pipe performanaman be assignetb a particular pipe sectioseveral steps
must take place.

Select the rathodology

Collect and organize all input parameters per required unit

Input parameters per pipe section

Run modelto determine performance results

Analyze performance rating in terms of prioritizing future inspection gR&R

aprwnNPRE
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4.2.1 Model Layout

Based on the grameter characteristicshet performance modetonsiss of analyzing four
modules: current pipe integritynternal condition, external stress aedternal corrosion

Internal corrosion was not considered within the performance model due to incoresstemt

varying effects parameters were found to have on internal corr@gioNeill 2000. Several

indices, such as the Langelier and Larson Index, have previously been developed to correlate the
corrosion rate; howeven,0 i ndex has been proven to be the
corrosivity (Benson 201}l Instead the Hazen Williams C factor was used as an atdire
measurement of internal corrosioft should be noted that the developed performance model is
specifically for norscaling drinking water.

Eachof the fourmodulesis classified based on a number of parameters. The layde ddizzy
logic modelis shownin Figure 8 In particular,by aralyzingseparate modules thelity will be
able to defingoroblem areas resulting in low performance values.

‘ Water Pipeline Performance

ww Internal Condition pgg

J

A Structural Condition )-
H.W. C Factor
Remaining Thickness
Tuberculation

Leak y.
Break Rate "

Pipe Break

Break <5 Years Ago

Defect Type

Rehab Type J

A Current Integrity }.

Expectancy
| Structural Condition
Break Rate

Discolored Water

Expectancy )- Internal Condition External Stress External Corrosion
Age Pressure Class Exceeded Disturbances Dissimilar Metals
D“ES@’I Life Pressure Surges Flooding | 1] Cathodic Protection
Vintage Adequate Fire :Fllow Live Load (Road Type) Stray Currents
Rehab Pressure Complaints Material Type Soil Corrosivity

Coating

Performance Value (1-5)

Figure8: Model Layout
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4.2.2 Parameters

Pipe performance parametewere selectedbased on literature, meetings with various pipe
associations and utilities and utilquestionnaires. Altogethe2/ parameters were chosen due
to their profound influence on the overall evaluation of pipeline performancaranghownn
Table 14. A brief summary of how each parameter listed above can affect the overall
performance of the water pipe is described in the following paragraphs.

Table1l4: Model Parameters

Adequate Fire Flow Dissimilar Metals Pressure Complaints
Age Disturbances Pressure Surges
Break <5 Years Ago Flooding Rehab

Cathodic Protection Hazen Williams C Facto| Rehab Type

Coating Leak Remaining Thickness
Defect Type Live Load (Road Type) | Soil Corrosivity
Design Life Material Type Stray Currents
Diameer Pipe Break Tuberculation
Discolored Water Pressure Class Exceede Vintage

AdequateFire Flow-The rate of water flow at a particular pressure and time duration must be
adequate for fire suppression effor@urce:Fire flows are determined througésting of the
fire hydrants or are found within the utility records.

Age Age is he length of time since the asset was installéde age of a pipeline may or may
not be a strong indicator of pipeline deterioration and is a function of the materianymeher
factors. Typically, it is assumed thalder pipes may have ingeased pipe stresses due to
deterioration with ageSource:The age igletermined based on the installatiggar found in a
Geographical Information System (GIS) or in the constoucspecifications.

Break <5 Years AgoRecent pipe breakare often considered more precarious than past pipe
breaks Source:The year of the pipbreak is found within the utility records.

Cathodic ProtectiorCathodic protection is a&thnique used to atrol the corrosion of a metal
surface by adjusting the electric potential of a pipe. The most common protection method is the
sacrificial anode method which uses galvanic anodes of zinc and magnésitiva.presence of
stray currents,hiese active mels oxidize more easilyhat leadto corrosion of the sacrificial
anodes and not of the protected metal. The active materials must oxidize almost completely

86



before the less active metal will corrod&ource:Construction specifications and other utility
records document if cathodic protection is present.

CoatingAn external coating is an approach used to provide protection of the pipeline from
externalcorrosion. If properly applied, a coating prosdesistance to soil corrosivity, hazards

of pipeline trasportation and water penetration or absorptibinis coatingis only applied

during the manufacturing proceSAWWA 2004). Source:Documents such as construction
specifications and other utility records record whether an external coating is prAssessing
product standards and pipe sampling are also other methods of determining if the pipeline has an
external coating.

Defect TypeThe pipe defect types a factor that aids irassessg the pipe conditionSource:
The defect type is found withinefutility records.

Design LifeThe design life ishe period of time that the pipe is expected to operationally
function. A high design life inetates a longer life expectancy; however, other influencing
parameters may reduce the expected life. In csitthe pipe can also be functional past the
design life.Source:The design life is determined by product standards or is found within the
utility records that include a GIS.

DiameterThe diameter of a pipeline is typically classified by the nominal tside diameter

rather than the inside diamete&mall diameter pipelines are more susceptible to beam failure
than larger pipe diameters. In relation to pipe capacity, smaller diameters lead to increased fluid
velocity, but reduced water pressure dowldfieSmaller diameter pipelines with the same fluid
flow also have a greater loss of pressiBeurce: The diameter of a pipeline is determined
through pipe sampling or standards or is found in the construction specifications or other utility
records sucls a GIS.

Discolored WateDiscolored water is caused when sediment within the water pipeline is
disturbed or suspended in the water due to an increase in the flow rate. (See Flow Velocity) The
discoloration may be a factor of old or corroded pipelirgairce: Customer complaints
determine whether discolored water is present. These instances are found in the utility records.

Dissimilar MetalsWhen dissimilar metals are connected ard exposed to an electrolyte,
galvanic corrosion will occur since the taks have different properties. The galvanic difference
within the metals causes one metal (anode) to release electrons to another metal (cathode). The
metal that discharges the electron can result in pipeline corrosion; while the metal accepting the
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electron is protected from corrosiddWWA 2004). Source:Dissimilar metal connections are
found in the construction specifications or other utility records that include a GIS.

DisturbancesThird party disturbances to the pipeline can lead to direct mectdlamage. For
exampleconstruction disturbances dte excavation cafead to direct damage which results in

the equipment physically breaking the pipe or indirect damage due to soil movement close to the
pipe. Disturbances in the pipe bedding ograinent can lead to beam failure if the pipe is not
adequately supported and/dhe pipe depth is not sufficien{Smith 2000. Source: If
disturbances were documented they would be found in the utility records.

Flooding-Flooding can impact the pipe and soil equilibrivausing the pipe to collapse or float

out of alignment. Aggressive waters and/or constant water in contact with the pipe can increase
the external corrosion ratéASCE 2009. Source: Flooding is determined through aerial
photography or is found within the utility records or on ahne weather database.

Hazen Williams C FactefheHazen WilliamsC factor is the roughness coefficient of the inside

of a pipe based on an equation evaluating the pressure drop due to friction as it relates to the pipe
diameter and flow rate. Low C Racs indicate older pipes and poor internal conditi@umurce:

The Hazen Williams Qactoris determined through use of a hydraulic moaoiels documented

in utility records.

LeakLeaks may lead to pipe bedding erosion, increased soil moisture andlbirréscreased
pipe stresses. A leaking pipg a strong indicator of potential fracture, pinhole and/or joint
failure. Source:The presence of a pipe leakdstemined through acoustic testing,hydraulic
modelor is documented in theility records.

Live LoadLive loading from traffic causecompressive forces on the pipe wall. This downward
pressure is a factor of the pipe depth, soil type, type of pavement (rigid or flexible) and the type
of vehicles.Excessive crushing forces lead to longitudioadcks on the pipe wall. Bending
stresses are also present within the pipe if the pipeline is not evenly supported. Excessive
bending stress leadto circumferential crackingSmith 2000. Source: The live load is
determined by evaluating ADT records. Utilizing é&8Ghe proximity of the road to the pipeline

can be assessed.

Material TypeThe metallurgy of the pipe material type can dictate the resilience of strength and

also the resistance to corrosioDifferent pipe material types are designed for various c&rvi
types and vary in design life, thickness, diameter, 8turce: The pipe material type is
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determined through pipe sampling or is found in the construction specifications or other utility
records that include a GIS.

Pipe Break A break in the water pipkeads to leaksSource:The break rate is found within the
utility records.

Pressure Class Exceedéagh operational pressure exceeding the designed pressure class result
in increased pipe wall stressedich maylead to possible pipe breakSource:A hydraulic
modelis a source to determine if the pressure class is exceeded.

Pressure Complaint€ustomer complaints regarding low or no water pressure may indicate
possible water main breaks. Fluctuations in the operational pressure can change the acting
stresses on the pipe wall. (See Operational PresSowgke:Low or high pressure is determined
through customer complaints or is found within the utility records.

Pressure SurgesA pressure surge is a sudden change, often short, increase in pressure as a
result of a greater rate change of fluid velocity. This dynamic pressure can result in increased
pipe stresses. These surges occur when the velocity or pressure changes due to the closing of a
valve or the starting/stopping of a purfiSCE 1992. Source:Pressure surges are determined
through a hydraulic model or are found within the utility records.

Rehab The internal surface of a pipe can be covered by a coating to improve resistance from
tuberculation and corrosion. This linimgapplied during the manufacturing period or installed

to an existing pipe. Common types of lining congistement and epy coatings.Source:
Documents such as construction specifications and other utility records record whether an
internal coating is present. Assessing product standards and pipe sampling are also other
methods of determining if the pipeline has an intecoaking.

Rehab Typd&he pipe rehabilitation type is a factor in determining the pipe condioarce:
The rehabilitation type is found within the utility recards

Remaining Thicknes€£orrosion dictates the remaining wdlidkness. Source: The remainng
wall thicknesgs determinedhrough testingr is found inutility records.

Soil CorrosivitySoil corrosivity cannot be directly measured and is a function of several soil
properties such as soil redox potential, soil pH, soil resistivity, soil sslfichoisture content,
etc. (Kleiner 2010Q. The corrosivity level of the soil can result in metallic corrosion of the
pipeline. Source: The corrosivity of the soil is determined by soil testing that includes soil
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resistivity, soil sulfides, soil pH, doredox potential and moisture content or is found in the
geotechnical records or other utility records.

Stray CurrentsStray currents are caused by a local direct current (DC) flowing through the
earth. These stray currents can be present if the pigarby a transportation system such as a
railway or if other utilities are close to the pipe. Often these stray electrical currents can cause
electrolytic corrosion in metal pipelines if they are not properly protected. Cathodic protection is
the most common protection method of metal pipelines as a result of stray curgenise: The
presence of stray currents is determined through testing or is found in the geotechnical records,
construction specifications or other utility records.

TuberculationTubeaculation is the formation or development of small mounds of corrosion
products inside a pipe. This buildup increases the roughness of the inside of the pipe, increasing
the resistance to water flow and decreasing the C factor of the Siparce: The pesence of
tuberculation is determined by pipe sampling and other testing.

Vintage The pipe vintage can determine the metallurgy, uniformity, thickness, pressure class and
available diameters of the various pipe materials. For example, CI pipe wasyimiiatiast;
however, through the years this casting method was changed to centrifugally spun cast. These
variances due to pipe vintage can control the resiliency of the pipe madeuate: The pipe

vintage is determined by product standards or isddanrthe construction specifications or other
utility records.

4.2.3 Performance Scale

The performance index will provide the ability to quantitatively measure the pipe performance of
individual pipe segments and the prioritization between other segmentscoRdision indexes

for wastewater pipes and within the pavement area of transportdimmonly rate their
infrastructure based on scales 6b6,11-7 and 1100. Specifically, NASSCO developed a
standard condition rating system for gravity feed sewers whibhsed on a-% scalgNASSCO

2003; however, tedate a standard cdition rating system for pressurized pipelines does not
exist. With that said a water pipeline performance index was developed based on the current
wasewater condition scale presentsdNASSCO.

Numerically, the scale ranges from values of one to fivé Wi@ to 1.5representing the pipe
performance is excellent or near excellent drisl to 5.0meaning the pipe is in a very poor
condition or possibly failed. Pipe ratings bb to 2.5 2.5 to 3.5and 3.5 to 4.5represerd the

pipe performance is good, fand poor. The color coded performance index is shown in Figure
0.
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1.5-25 Good
2535 Fair
3545 Poor
4.5-5.0 Verv Poor

Figure9: Water Pipeline Performance Index

4.2.4 Reliability Index

A reliability scale was developed to forecast the overall confidence alrihieng water pipe
perfformance index. May water utilities across the.8l have little information regarding the
logistics of their water pipelines; however, many of these pipe parameters can be easily derived
or downloaded from existing sources. For those parameters silyt &sainable, an educated
guess can be specified.

The reliability percentage of the overaltinking water pipe performance score is calculated
using a parameter reliability @le as shown inTable 15. Specifically, each parameter used to
determine thepipe performance level is given a value representing the parameter reliability
based on whether the data was direct, derived indirectly, was an educated guess, or there was no
data available. The reliability levels are classified on a value ranging dretivéo 5, with O
representing the least reliable data and 5 being the most reliable data. The reliability score can
be determined through Equatibn
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Tablel5: Index Reliability Scale

Parameter Reliability Value
Direct Recod 5
Derived Indirectly 4
Educated Guess (High Confidence) 3
Educated Guess (Normal Confidence) 2
Educated Guess (Low Confidence) 1
No Data 0
Oobp —Zp T (5)

where;

‘O b isthe index reliability percentage
'Y is the parameter reliability score

¢ is the number of parameters

4.3 Weighted Factor Performance Model

The weighted factor model is setup to analyze each of the four modulesent integrity,
interral condition, external stress apdternal corrosion Each moduleesultant valugs then
combined to determine the overplpe performance level. Specifically, each of the parameters
in eachmoduleis assigned a score and applied a weight based arlttese importancef the
parametepertaining to the moduleScores assigned to each parameter value rangeaaean$

1 AExcell ent 0 . tThe rahgesifor eeacly palrmeter using the weighted factor
methodology are shown in Tabl&6-19.

Weights assigned to each parametereach module are developed based on a questionnaire
provided to each utility. The weights will vary from one utility to another based on the utilities
guestionnaire feedback. The questionnaire is composed of ratingigmécance of each
parameter on a one to five scale in determining the category values, with a value of one
representing fAmost i mportance; 0 whil eThem wval u
resultant pipe performance level will be calculated by ragsy equal weights for each of the

four modules.The questionnaire developed for this reseaahownin Appendix A
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Tablel6: Current IntegrityWeighted Factor Parameter Ranges

Parameter | Unit Range
Age year (1)-0-25; (2)26-50; (3)51-75; (4)76-100; (5)101-130
Design Life | year (1)-101-130; (2)}76-100; (3)51-75; (4)26-50; (5}0-25
Vintage car (1)-18001920; (2)1991-2012; (3)1971-1990; (4)1921-
9 y 1945; (5)19461970
Rehab yes/no | (1)-Yes; 6)-No
< | Hazen
2 | Williams C | cfactor | (1)-90-140; (2)80-89; (3)70-79; (4)55-69; (5)<54
— | Factor
s | © | Hazen
o | 2 | Williams C c factor | (1)-95-140; (2)85-94; (3)75-84; (4)70-74; (5)<69
E | b | Factor
é’ g ﬁ Hazen
5 .QE_’- o | Williams C | cfactor | (1)-105-140; (2)90-104; (3Y80-89; (4)75-79; (5)y<74
E 5, | Factor
S = Hazen
5 % Williams C c factor | (1)-105-140; (2)95-104; (3}85-94; (4)75-84; (5)<74
S Factor
Remaining ) . . .
Thickness percent | (1)-95-100; (2)85-94; (3}65-84; (4)45-64; (5y<44
percent
Tuberculatiom | of pipe | (1)-0-5; (2)6-15; (3}16-35; (4)36-55; (5)}56-100
area
Leak yes/no | (1)-No; (5)Yes
Pipe Break | yes/no | (1)-No; (5)Yes
Break <5 :
Years Ago yes/no | (1)-No; (5)}Yes
(1)-N/A; (2)-Joint; (3)Circular or Spiral Cradkracture;
Defect Type | type (4)-Multiple Cracks/Fractures; (5)ole
Rehab Type | type (2)-N/A; (2)-Section; (ASegment; (5None
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Tablel7: Internal ConditionNVeighted Factor Parameter Ranges

Parameter Unit

Range

Pressue Class

(2)-Never; (2}Rarely; (3YOccasionally; (40Often;

& | Exceeded oceasion | 5y always
5 : : - : :
c . (2)-Never; (2}Rarely; (3YOccasionally; (40ften;
8 Pressure Surges | occasion (5)-Always
[ Adequate Fire Flow yes/no (1)-Yes; (5)No
@ | Pressure N (E)
£ | Complaints yes/no (2)-No; (5)-Yes
Discolored Water | yes/no (2)-No; (5)-Yes
Tablel8: External Stress Weighted Factor Parameter Ranges
Parameter Unit Range
@ | Disturbances yes/no (2)-No; (5)Yes
% Flooding occasion | (1)-Never; (3}Occasionally; (5)Often
< |, (1)-Unpaved; (22Non-National Highway System; (3)ational
GE) Live Load type Highway System; (4)nterstate; (5Railroad/Airport
i | Material Type | type (2)-Ductile Iron; (2}Cast Iron; (3)Copper; (4Galvanized Steel
Table19: External CorrosioWeighted Factor Parameter Ranges
Parameter Unit Range
Dissimilar Metals | yes/no| (1)-No; (5)Yes
= S Cathodic Protection| yes/no| (1)-Yes; (5}No
g @ | Stray Currents yes/no| (1)-No; (5)-Yes
X 5 | Soil Corrosi ty level (1)—L(_)W; (2)-Low-Moderate(3)-Moderate(4)-ModerateHigh;
O (5)-High
Coating yes/no| (1)-Yes/Efficient; (5}Yes/NonEfficient or No
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4.4 Fuzzy InferencePerformance Model

The fuzzyinferenceperformance model is made up of ®arte fuzzy infereze moduls: life
expectancy, structural condition, break rate, current integrity, internal condition, external stress,
external corrosion and performanc8pecifically, each of these modules has their own separate
input variables with corresponding memdt@p functions, rules and defuzzified output having a

1 AExcellentd to 5 AVery Podsrcombipee thfowgh threen c e
phases Phase 1 consists of three fuzzy models: life expectancy, structural condition and break
rate Phase Zonsists of four fuzzy models: current integrity, internal condition, external stress
and external conditignand Phase 3 consist of the performance modeltable illustrating
detailing each of the three phases with input andutwigriables is seen ifiable D.

Table20: Fuzzy Inference Phases

Phase| Model | Input Variables Output Variables

1 1 Age, Design Life, Vintage, Rehab Life Expectancy
Hazen Williams C Factor, Remaining Wall .

1 2 Thickness, Tuberculation, Leak StructuralCondition

1 3 Pipe Break, Break <5 Years Ago, Defect Type, Break Rate
Rehab Type

2 4 Life Expectancy, Structural Condition, Break Rq Current Integrity
Operational Pressure, Pressure Surges, Adequ "

2 > Fire Flow, Pressure Complaints, Discolored W4 Internal Condition

5 6 Dlstur_bances, Flooding, Live Load (Road Type External Stress
Material Type
Dissimilar Metals, Cathodic Protection, Stray .

2 7 . - : External Corrosion
Currents, Soil Corrosivity, Coating

3 8 Life Expectancy, Internal Condition, Extedn Performance
Stress, External Corrosion

The modules are linked by using the prior phases modidészzified output values. For
example thalefuzzified outputs froneach ofthe Phase 1 mode(ktife Expectancy, Structural
Condition, and Break Rategre used as the inputs for th@urrent Integrity fuzzyinference
model. Phase 2 consists of analyzing four modules (Current Integrity, Internal Condition,
External Stress and External Condition) and tHefuzzified outputsire used for the inputs for
thefinal Performance fuzzinferencemodel. A figure illustratingthis process witlkeach of the
three phases and modules is sedfigire 10
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Phase 1

I Phase 2
Life Expectancy I
Structural Condition Current Integrity Phase 3
| | I
Break Rate Internal Condition
| Performance
I External Stress
|
External Corrosion

FigurelQO: Phase 1,2 and 3

4.4.1 Development of Input & Output Membership Functions

One of he most difficult steps within the fuzzy inference method is construction of the
membership functions. Due to limited water utility historical databases, the construction of the
membership functions is restricted to exgliven techniques rather thantadriven techniques

that often include statistical methods. Specifically, the exgréren techniques attempt to
capture expert knowledge from industry professionals.

4.4.1.1 Phase 1 & 2 Membership Functions

Phases 1 and 2 of the fuzzy inference model coos$isvvaluating each module category and
module itself. The input and output membership functions for both of these phases were
formulated based on heuristic methodology A benefit of utilizing the heuristic method
includes theability to selectthe shaes of the membership functionsmsed on previous
experience and rules of thumincorporatingutility and expert knowledge can prove to be very
valuable as much of the comprehension of the infrastructure system is not documented. Even
though utility persnnel are very knowledgeable regarding their paldicwater infrastructure
systemscan be drastically different fromne utility to another. As a resuthe membership
functions and rules were formulated througttes of thumb, literature anelxpert knowledge

from various pipe associations and utilitiesorderto get an overall perspective of parameters
and their relationshipo the pipe performance level. The generated membership functions were
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then validated by numerous professionals includingresegs from various utilities, consultants,
pipe associations and condition assessment companies.

The majority of the parameters and membership ranges will be similar when applying this model
to various utilities. Variations of the parameter ranges mayltrdse to distinctions in the
utilities historical database and/or utility geographic locatidtar example, theipe defect type

may be based on the types of failure modes seen within a particular wAllgymmary ofthe

input and outputvariables membershipranges and linguistic terms foPhase 1 and 2s
presented in Table&l-27. Diagrams of the membership functions for each input variable and
resultant outputs shownin Appendix B

4.4.1.2 Phase 3 Membership Functions

In Phase 3 of the fuzzy inferee model,the final pipe performance output is determined using
the defuzzified outputs from the models in Phas€Current Integrity, InternalCondition
External Stress and External Corrosiaag shown in Table28. Each of the four input
membership fuections shown in Appendix Byvasconstructed through rules of thurabdexpert
opinion andwas validated by numerous professionalb contrast, e resultant performance
output membership function was formulated using the Delphi method, which is egtexiusied

to obtain the judgment of a select group of expfdalkey 1963. This method consists of
selecting a panel of experts to participate in two or more rounds of struswmesl/s until a
consensus is reachedfter each round, the facilitator provides an anonymous summary of the
previous surveyesultsfor use in thesubsequentounds encouraging participants twonsider
revising their response based on dmnions of the other panel membéosdecrease sponse
variability (Hallowell 2010Q.

The Delphi method was initially developed in the 1950s by the RAND Corporation for the U.S.
Air Force(Dalkey 1963. Sincethen severatesearchers ithe field ofconstruction engineering

and management have relied on this met®d tool to collect a consensus of expert opinions in
where traditional méibds such as surveys, interviews and brainstorming techniques are
unsuccessfu(Hallowell 2010. Examples of previous Delphi meth@pplications withinthe
constructionfield include studies of the economic impact assessment of roadway funding
(Robinson 199} delivery methods on design performance in multifamily diroy projects
(Hyun 2008 and the fire safety system evaluation for public assemble buil¢iBigelds 1991

This method was also employed to develop membership functions in previous fuzzy inference
models(Elbarkouky 2010

The application of the Delphi method to construct the final performance output membership
function consisted of two rounds of structured surveys. The first round of the Delphi method

97



solicited the opinions 08 experts within the pipeline infrastructure maeaggnt field. Experts
were kept anonymous to avoid the influence of dominant panel mergthaitewell 2010.

Each expert wagrovided with a surveyasking tofif Sel e ct
represent

t he

AnExcel |

ent |,

t he of el

r a)mieh

pifeped f oFmanitwaBbevelal

acknowledgedhat each term was assumed to have a triangular shape with a peak located at the
numerical rating that represents it respected performance leweltotal of five different
responses were collected after romneof the Dephi method as shown in Figure.11
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Figurell: Round 1 Delphi Results
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Thesummarized results of the first round were sent back to the experts along with two additional
rules to consider in formulating the resultant membership function. The additional rules posed in
round two o f t he Del phi m e Thé maembesshippfgtors sheuldl bet dvemly A
proportioned due t o andf®Hegsofghasembershsp fumdtiogholide s c a l
overlap to a certain extemd represent the fuzziness of the linguittiens dSpecifically, in this

round, experts were asked tonsider revising their answer based on the previous responses and

the additionatwo rules in order to achieve a group consenuisotal of six experts participated

in round twq out of the initial eight experts. The frequency of their responses persebe of

the performance membership function was determined and is shown in Figure 1

D M@
1 2 3 4 5 2 3 4 5

2 5 1 2 5

Good Fair

Poor Verv Poor

Figurel2: Round 2 Delphi Method
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After evaluating the round two results and observing a consensus in the formation of the
performance mebership function, no further rounds deemed necessdiye final resultant
performance output membership function based on thehbDelethod is shown in Figur.1

—4—Excellent —8—Good Fair
1

Poor Very Poor

Membership Degree

1 2 3 4 5
Performance Level

Figurel3: Final Performance Level Output Membership Funcfiamm the Delphi Method

4.4.2 Development of IFThen Rule Statements

The rule base for each inference system was also developed on the heuristidresqrert
technique. Each rule reflects on the general rule of thumb and expert knowledge from various
professiomls including engineers from various utilities, consultants, pipe associations and
condition assessment companies. Theggenerated for the fuzzy inferemoedel will be the

same in applying this model to various utilities; however, discrepancies nsayuader special
circumstances. In these special caaasew or change in the rule set would be necessary.

Every parameter withireachfuzzy logic model is combined using Boolean lodgg combining

each of the parameters with the Boolean logicdpera A and o0, dkeecable tpcantral met er
the output. For example, consider the external corrosion fuzzy mddeh wombines the
parameterslissimilar metals, cathodic protection, stray currents, soil corrosivity and co#ting.

high soil corrosivitylevel will poorly affect the external corrosion module; however, if a
satisfactory external coating is present than the module will not be affected by the sall
corrosivity levelwh i ch i s a @r A& admpldteilift ef dhe mzazjaferenceiiftben

rule satements are shown in Appendix Bltogetherl,528if-then rule statements make egch

of the three phased thefuzzy inference system
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Table21: Fuzzy Inference Model Embership RangésLife ExpectancyModule (Phase 1/Module)l

Life Expectancy

Input Variables

Membership Function Ranges

Linguistic Terms

Very Young, Young, Middle Aged, Old

Age (0-30), (2555), (5080), (75105), (100130) years and Very Old
Design Life ~ (0-30), (2555), (5080), (75105), (106130) years vy Inferior, Inferior, Moderate,
’ ’ ’ ’ Superior, Very Superior
. (18001930), (19161950), (19461980), (197€2000), ,
Vintage (19952012) year Excellent, Poor, Very Poor, Fair, Good
Rehab Yes, No Desirable, Undesirable
Output Variable Membership Function Ranges Linguistic Terms

Life Expectancy

Values are continuous with a range of 1 to 5

Very High, High, Moderate, Low and
Very Low
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Table22: Fuzzy Inference Model Membership Rangestructural ConditioModule (Phasé&/Module 2

Structural Condition

Input , , : -
Variables Membership Function Ranges Linguistic Terms
i | Hazen Williams (0-56), (5%71), (6681), (7691), (86140) Very Low, Low, Moderate, High and
v | C Factor C Value Very High
3 ég HazenWilliams (0-71), (6676), (7186), (8196), (9:140) Very Lc_)w, Low, Moderate, High and
© | © | CFactor C Value Very High
E| D
Jos
D -
o S | Hazen Williams (0-76), (7181), (7691), (86106), (101 Very Low, Low, Moderate, High and
& | 2 | CFactor 140) C Value Very High
o
:t:J' Hazen Williams (0-76), (7186), (8196), (92106), (10% Very Low, Low, Moderate, High and
A | C Factor 140) C Value Very High
Remaining (0-45), (3565), (5585), (8095), (96100) Very Low, Low, Moderate, High, Very
Thickness Percent High
Tubercuation None, Light, Moderate, Heavy, Extreme Pref_erable, Deswable_, Mediocre, Least
Desirable and Undesirable
Leak Yes, No Undesirable, Desirable
Output : , D
Variable Membership Function Ranges Linguistic Terms
Struc'gqral Values arecontinuous with a range of 1 to Excellent, Good, Fair, Poor and Very Pg
Condition 5
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Table23. Fuzzy Inference Model Membership Rangd8reak RateModule (Phas&/Module 3

Break Rate

Input Variables Membership Function Ranges Linguistic Terms
Pipe Break Yes, No Undesirable, Desirable
Break <5 Year Ago Yes, No Undesirable, Desirable

N/A, Joint, Circular or Spiral Crack/Fracture N/A. Mild, Moderate, Severe, Extreme

Defect Type Multiple Cracks/Fracture, Hole

Rehab Type N/A, Section Segment, None Preferable, Desirable, Mediocre, Least Desiral
Output Variable Membership Function Ranges Linguistic Terms

Break Rate Values are continuous with a range of 1 to N/A, Low, Moderate, High and Very High
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Table24: Fuzzy Inference Model Membership Ran@eSurrent IntegrityModule (Phas@/Module 4

Current Integrity

Input Variables

Membership Function Ranges Linguistic Terms

Life Expectancy

Values are continuous with a range of 1 tc Very High, High, Moderte, Low and Very Low

Structural Condition

Values are continuous with a range of 1 tc Excellent, Good, Fair, Poor and Very Poor

Break Rate

Values are continuous with a range of 1 tc N/A, Low, Moderate, High and Very High

Output Variable

Membership Function Ranges Linguistic Terms

Current Integrity

Values are continuous with a range of 1 tc Excellent, Good, Fair, Poor and Very Poor
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Table25: Fuzzy Inference Model Membership Rangdaternal Condition ModuléPhase€/Module §

Internal Condition

Input Variables Membership Function Ranges Linguistic Terms

Pressure Class Exceedt Never, Rarely, Occasionally, Often, Always Preferable, Deswable', Mediocre, Least
Desirable and Undesirable

Very Low, Low, Moderate, High and

Pressure Surges Never, RarelyQccasionally, Often, Always Very High

Adequate Fire Flow Yes, No Desirable, Undesirable

Pressure Complaints  Yes, No Undesirable, Desirable

Discolored Water Yes, No Undesirable, Desirable

Output Variable Membership Function Ranges Linguistic Terms

Internal Stress Values are continuous with a range of 1 to ! Excellent, Good, Fair, Poor, Very Poor
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Table26:. Fuzzy Inference Model Membership RangdsxternalStressModule (Phase2/Module6)

External Stress

Input Variables

Membership Function Ranges

Linguistic Terms

Disturbances

Yes, No

Undesirable and Desirable

Flooding

Never, Occasionally, Often

Desirable, Mediocre, Least Desirable

Unpaved, NorNational Highwg System,

Live Load (Road Type) National Highway System, Interstate,

Railroad/Airport

Very Light, Light, Moderate, Heavy and Vel
Heavy

Material Type

Ductile Iron, Cast Iron, Steel/Galvanized
Steel, Copper

Preferable, Desirable, Mediocre, Least
Desirable and Undesirable

Output Variable

Membership Function Ranges

Linguistic Terms

External Stress

Values are continuous with a range of 11
5

Excellent, Good, Fair, Poor, Very Poor
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Table27: Fuzzy Inference Model Membership Rangdsxternal Corro®n Module(Phase 2Module 7)

External Corrosion

Input Variables Membership Function Ranges Linguistic Terms
Dissimilar Metals Yes, No Undesirable and Desirable
Cathodic Protection Yes, No Desirable and Undesirable
Stray Currents Yes, No Undesirableand Desirable
Soil Corrosivity Low, Moderate, High Low, Moderate, High
Coating Yes/Efficient, Yes/NorEfficient or No Desirable and Undesirable
Output Variable Membership Function Ranges Linguistic Terms

External Corrosion

Values are continuous Wita range of 1 to £ Excellent, Good, Fair, Poor, Very Poor
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Table28. Fuzzy Inference Model Membership Rangdzerformance Module (Phase 3/Module 8)

Performance

Input Variables

Membership Function Ranges Linguistic Terms

Current Integrity

Values are continuous with a range of 1 to ! Excellent, Good, Fair, Poor and Very Poor

Internal Condition

Values are continuous with a range of 1 to ! Excellent, Good, Fair, Poor and Very Poor

External Stress

Values are continuous withrange of 1to 5 Excellent, Good, Fair, Poor and Very Poor

External Corrosion

Values are continuous with a range of 1 to ! Excellent, Good, Fair, Poor and Very Poor

Output Variable

Membership Function Ranges Linguistic Terms

Performance

Values are aatinuous with a range of 1 to 5 Excellent, Good, Fair, Poor and Very Poor
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45 Performance IndexResults

Implementation of thedrinking water pipe performance index is essential in identifying the
overall competence of the developed models. To evaluateathe of the previously developed
pipe performance index, a case study utilizing real utility data from the Western Virginia Water
Authority (WVWA) is applied. In particular, thé&/VWA serves roughly 23 million gallons of
drinking water per day to approxately 158,000 peopl@VVWA 2009). With over 1,000 miles

of water pipes, WVWA works in supplying potable drinking water to the city of Roanoke,
Roanoke County and parts of Franklin County in the state of Virginia.

In particular, this case study involved analyzing a specific zmievater pipelinesnamed

A Gr g wvhidh consisted of over 14,000 water pipe sections (node to node). The data collected
by the utility consisted of the pipe sections agesign life, vintage, rehab (lining), diameter

pipe break break <5 years ago, defect type, rehab/rehabilitatype, ffire flow, road type,
material typedissimilar metals, cathodic protectiaoatingand location.

With the various tools, technology and sources available, several other parameters were derived
for use in determining the pipe performané¢azen Wiliams C factorandsoil corrosivity. The

Hazen Williams C factowas determined througfiCo factor tables based dhe pipe material

type, age and diameteBoil information attained from the U.S. Department of Agriculture Soil
Survey Geographic (SSURG@atabase allowed classification of soil types to be specified to
individual pipelines. Specifically, a report on each soil type classified the cmitosivity level
permetallic corrosion.

Data for other parameters were based on high, medium anddogated guesses provided by

the head infrastructure asset managethefWVWA. These parameters consistedledk the
occurrences of exceeding the water pressure class, ocoalipressure surgespressure
complaints, discolored water, disturbancespdingand the presence of stray curremddso, the
managers at WVWA decided that all galvanized pipes were determined to have a 50 year design
life and a Hazen Williams C factor of Blue tofindings of sufficient encrustation and depasit
during this tme period

Parameters that were unable to be derived or provided with an educated guess were assumed to
be in perfect condition. These parameters consistéldeofemaining thickness and the percent
tuberculation A summary table illustrating the WVWAapameter colletion type is listed in
Table29.
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Table29: WVWA Parameter Collection Type

Parameter Collection Type

Age Direct Record

Design Life Direct Record

Vintage Direct Record

Rehab Educated Guess (High Confidence)

C Factor Derived (Based on Age, Diameter, Material Type

Remaining Thickness
Tuberculation

Leak

Break

Break <5 Year Ago
Defect Type
Rehab/Rehabilitation Type
PressureClass Exceeded
Pressure Surges
Adequate Fire Flows
Pressure Complaints
Discolored Water
Disturbances

Flooding

Live Load (Road Type)
Material Type
Dissimilar Metals
Cathodic Protection
Stray Currents

Soil Corrosivity
Coating

No Data

No Data

Direct Record

Direct Record

Direct Record

Direct Record

Direct Record

Educated Guess (High Confidence)
Educated Guess (High Confidence)
Direct Record

Educated Guess (High Confidence)
Educated Guess (High Confidence)
Educated Guess (High Confidence)
Educated Guess (High Confidence)
Direct Record

Direct Record

Direct Record

Direct Record

Educated Guess (High Confidence)
Derived (Downloaded from SSURGO)
Direct Record

110



4.5.1 Weighted Factor Model Results

Weights assigned to each parameter for the weighted factor model were developed based on the
guestionnaire provided to WVWA whiclvaluaed the signiicance of each parameterThe
weightsperparameteweresummed to equalnfor each of the four modules (current integrity,
internal condition, external stress and external condiaadpre provided in Table(

Table30: WVWA Weights

Module Parameter Weights
Age 0.06
Design Life 0.09
Vintage 0.09
2 | Rehab (Lining) 0.09
05)7 Hazen Williams C Factor 0.04
j= Remaining Thickness 0.09
£ | Tuberculation 0.09
= Leak 0.12
@) Pipe Break 0.12
Break <5 Years Ago 0.09
Defect Type 0.06
R/R Type 0.06
— | Pressure Class Exceeded 0.23
© .9 | Pressure Surges 0.26
& 2 | Adequate Fire Flow 0.19
£ 8 Pressure Complaints 0.16
Discolored Water 0.16
T « | Disturbances 0.40
S @ | Flooding 0.20
< ¢ | Live Load 0.20
- Material Type 0.20
_ < | Dissimilar Metals 0.22
& .2 | Cathodic Protection 0.17
@ © | Stray Currents 0.17
I § [ Soil Corrosivity 0.22
Coating 0.22
2 [ Current Integrity 0.25
g Internal Stress 0.25
L External Stress 0.25
g External Corrosion 0.25
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The performance results obtained from the weighted factor nfodet t he A Gravi ty
WVWA are shown in Figuré4. The majority of the pipes ha
There were also a few segments classified as hamE x c e | laéifftad r or per f or m
level.
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Figurel4: WVWA Weighted Factor Performance Index Results
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4.5.2 FuzzyInference Model Results

The performance results
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Figurel5. WVWA Fuzzy Inference Performance Index Results

The reliability of both the weighted factor and fuzzy inference performance waesalculated
based on the individual parameter reliabibtyshown in Table3l. TheWVWA performance
indexfor both the weighted factor and fuzzy inference modebina®®% reliability level.
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Table31. WVWA Performance Index Parameter Reliability

Parameter Parameter
Reliability
Age 5
Design Life

Vintage

Rehab (Lining)

Hazen Williams C Factor
Remaining Thickness
Tuberculation

Leak

Pipe Break

Break <5 Years Ago
Defect Type
RehabRehabilitationType
Pressure Class Exceeded
Pressure Surges
Adequate Fire Flow
Pressure Complaints
Discolored Wger
Disturbances

Flooding

Live Load(Road Type)
Material Type

Dissimilar Metals
Cathodic Protection
Stray Currents

Soil Corrosivity

Coating

Performance Index Reliability 80%

AW IWIWW W OTIWIW|OT|OT|O1|O1|W|O|O |~ 01010
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To evaluate the benefits of modeling pipe perfance with the fuzzy inference theory over the
weighted factor methodology, module and the resultant performance index results were
comparedor three pipe samples (A, B and C). The parameters of each samdpbeitputs are
shown in Table 3. Relating tle weighted factor and fuzzy inferenogodule (current integrity,
internal condition, external stress and external corrosion) resultants with the overall performance
output i t i's shown that the weighted factor meth
result. In contrastthe fuzzy inferene method uses the most critical module value (closest to 5)

to impact the resultant which is owed to the interrelationsbiipse fuzzy inferenceif/then rule
statements. The following examples show the benefitstioe fuzzy inferencenodel over the
weighted factor moddby specifically evaluatinghe parameters pipe break, age vs. design life
and external coatings. metallic corrosion

Recent pipe breaks often connote a higher potentidutofe breaks withinthe same pipe
segment.Specifically, the fuzzy inference method considers a previoige break a critical
parameter in determining thieizzy inferencebreak rate value This is also shown in the

weighted factor methoéh which the parameter pipe break ivem afihi gh o inwei ght
calculation ofthe current integrity module ConsideringPipe Ain relationship to the pipe break,

the fuzzy inference break rate module value i
expectancy and structural conditiontput owedto a fuzzy inference current integrity module
value of 4.78 AVery Pfadorcdurrent in€gity modale valye ist382 we i
A F a. i As éhown in thecurrent integrityresults the fuzzy inference methodology is able to

intempret thesignificantof the parametepipe breakin the overall resultant, while ¢hweighted

factor methodology canot.

Benefits of the fuzzy inferenceinterrelationshipsusing the if/then rule statements are also
observed when evaluating the design Ne age. Using the fuzzy inference ifithen rule
statements, interrelationships were formed stating that if the pipes age is beyond the design life,
than the current i nt e gAsishown inPipe Btthe age pfithp gipeiss @ Ve
88, while the design lifes only 50 years.Using the fuzzy inference methodology, the if/then

rule statements resulted infazzy inference life expectancy outpatf 4 . 4 0whiéhPoor o
combined with the structural condition and break rate output dwe fuzzy nference current

integrity output of 4.561 Ve r y . B canmtrastthe weighted factor current integrity output is

2.247 G o o Redults concluded that the fuzzy inference methodologgpable ofletermining

the interrelationships of parameters.

Lastly, the benefit of evaluating the external coating vs. metallic corrosion using the fuzzy
inference over the weighted factor methodology was challenged. In considering the fuzzy
inference methodology, no matter the severity in the parameters owing toianetalbsion
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(dissimilar metals, stray currents and soil corrosivity); if a coating is present and is effective,

than the external corrosion module rmdiExcel |l ent 0 val ue. Il n com
coating present o-effectivd 0 ,t hteh acno atth en gr @ su [fitnaomt  f U
corrosion module value will reflect the other parameter values owing to external corrosion.
Contrary, the weighted factor model in not able to interpret theserefationships and each
parameteiis applieda specific weight. As shown iRipe C there is a presence of dissimilar

metals, no cathodic protection is installed, no stray currents are present and there appears to be a
high soil corrosivity level; however, there is an effective coating applidtetpipe. Overalithe
external corrosion rating usi ngduetotedffectve y 1 nf
coatingpresentwhich prohibits corrosion due to the dissimilar metals and a high soil corrosivity

level. Theweighted factor methots not capable of interpreting these interrelationships and
predicted a v aThese conclusiv® restils shometagnificantbenefit of using

thefuzzy inference methodologyhen evaluatinghe external coating vaetallic corrosion

Compaative results of the fuzzy inference vs. the weighted factor methodology analyzing
previous pipe breaks, the design life vs. age and the external coating vs. metallic corrosion
showed that the fuzzy inference model is capable of analyzing a complexhdriméter pipe
system. Specifically, the advantage$ the fuzzy inferenceover the weighted factor
methodologyies in the defined membership functicersdif/then rule statementsBased on the

fuzzy inference model capabilities along with the compariebrthe fuzzy inference and
weighted factor methodologies, only the fuzzy inference moderesults are further evaluated
Particularly, he weighted factor methodology served as a tool to illustrate the ability the fuzzy
inference model has when examdhunder extreme circumstance3verall, the weighted factor
methodology proved to hensatisfactory in complex water infrastructure systems.
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Table32 WVWA Weighted Factor vd~uzzy Logic Sample Results

Parameter Unit Pipe A Pipe B Pipe C
Age year 34 88 7
Design Life year 75 50 75
Vintage year 1976 1922 2003
Rehab (Lining) yes/no No No No
C Factor c factor 90 50 125
Remaining Thickness percent 100 100 100
Tuberculation level None None None
Leak yes/no No No No
Pipe Break yes/no Yes No No
Breaks <5 Years Ago yes/no Yes No No
Defect Type type Extreme N/A N/A
R/R Type type Segment N/A N/A
Pressure Class Exceeded occasion No No No
Pressure Surges occasion No No No
Adequate Fire Flow yes/no Yes Yes Yes
Pressure Complais yes/no No No No
Discolored Water yes/no No No No
Disturbances yes/no No No No
Flooding occasion Never Never Never
Live Load road type Non-NHS Non-NHS Non-NHS
Material Type type DI Galvanized DI
Dissimilar Metals yes/no No Yes Yes
Cathodic Prtection yes/no No No No
Stray Currents yes/no No No No
Soil Corrosivity level Moderate Low High
Coating yes/no No No Yes
Life Expectancy Output Fuzzy Logic 2.44 4.40 1.46
Structural Condition Output | Fuzzy Logic 2.00 4.56 1.18
Break Rate Output Fuzzyl ogic 5.00 1.00 1.00
, Weighted Factor 3.02 2.24 1.63
Current Integrity Output Fuzzy Logic 4.78 4.56 132
. Weighted Factor 1.00 1.00 1.00
Internal Condition Output Fuzzy Logic 100 100 1.00
Ext | St Outout Weighted Factor 1.20 2.00 1.20
xiernal stress SJuipd FuzzyLogic 1.00 3.00 1.00
. Weighted Factor 2.12 3.44 3.44
External Corrosion Output Fuzzy Logic 100 3.00 100
Performance Output Weighted Factor 1.84 2.17 1.82
Fuzzy Logic 4.76 4.56 1.32
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5 Water Pipeline Performance Index Evaluation & Framework for
Deterioration Prediction

Researchers have proposed different models in ordeelpopredict the condition/performance

and failure of water pipelines but do not provide a sufficient evaluation process to understand
whetheror notthe model igredicting a reamable value in respect to the actual value found in
the field Specifically, evaluation ensures that the model and its implementation are correct.
Striving to provide a substantial evaluation process can acquire significant credibility of the
model. Ovenll, the performance index evaluation whiklp to measure the robustness of the
developed performance model through testing of the algorithm.

With the development of the performance index model, subsequietigerformance index can
be modeled overme. In detail aframework for deterioration predictios presented which
utilizes a Markov chain approach in the development of deterioration cuBxeduation of the
developed pipe deterioration curves can assisbptimizing the best time for futarpipe
inspection and selection of teaitableR,R&R technique.

5.1 Performance Index Evaluation

Considerable research has been conducted in evaluating the reliability and robustness of models
in other field of science and engineering. Bayarri et(@D05 proposed a framework for the
evaluation of computer models. Theavaluation framework includes six procedures: 1)
specification of inputs and parameters with associated tanuggs or ranges; 2) determination

of evaluation criteria; 3) data collection and experiment design; 4) model approximations for the
output; 5) output analysis comparing the computer output with field data; and 6) use of results
from step 5 to improve ¢hmodel and to utilize the validated model for the validation of future
models. Othemethodgesearcherased toevaluae and validate their modgicluded Liu et al.

(2011 who used multiple attribute group decision making problems to evaluatethetyg of

the computer networl&arley et al(2010 used field data to validate the methodology for burst
and leak detection and locatioNassif et al. (2003 used measured stresses in the experiment
and compared those with the compuanulationresults to validate their dynamic model for
bridges subject © moving trucks and Kim and Leet(2007) validated a model for evaluating
learning management systems, based survey of experts regarding validation items.

In this dissertation,\@luation of the developed performance index consists of analyzndath
on three diférent approachesartificial, field and lab test dataModel evaluatiorbased on
artificial dataanalyzesnput test datéby three bands ofalues which classify the best, moderate
and worst case valueghe rationale of this approachdsnethroughattificially controlling the
input of the model to verifyhe model output. For examplehen all the best valudsr each
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parameterare enteredthe model should ideally give the best outp8imilarly, if all the
moderate oworse values of each parametee adopted, the model shall indicate thederate
and worst pipe performance Next, model evaluation based on field dad@sesses the
reasonability of the model usingal utility data and also compareshe develop performance
model against an existinga t e r  cohditionimbdeloThecredibility is further checked by
expert opinionof fellow utility engineers Lastly, evaluating the model based on lab testing
relates the remaining strength of the pipe a performance rating which is compared te th
performance rating found through the fuzzy inference model.

Limitations of thesevaluationapproaches include:

Artificial Data

91 This test data evaluation methodnsstsuitablefor casesvhere there aralarge number
of input parameterdn the caseof models with fewer parameters, tklente Carlo
simulation can be run in ordey obtaintheir statistical behavior ahe model.

Field Data

T I'f the wutility database is | imited, the
model for the missingariables. In this case, these input values and their effect on the
model would not be evaluatedhich could underestimatedtseverity of the pipe
performance

1 Some input variables may be constant in all the pipes due to same condition throughout
the netvork. In this case, the effect of the paegters variation is not seen

1 Every model output is dependent on the methodology utilized and input parameters.

Lab TestData

1 Lab testing is very expensive and is limited aeailablefunds.

Sample specimens apaly representative of the pipe sample tested.

1 Lab testing is similar to the loading condition found when the pipe is in service, but they
are not exactly the same.

=
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5.1.1 Evaluation Based on Artificial Data

Artificial data was initially used to aid in the widopment of the fuzzy inference performance
model. Specificallyinput data was fed into the model to review the expected outputs. Glitches
within the modelwere then addressedhrough the addition of new parametethangesn the
definedmembership factionsand the revievof the if/then rule statementdtilities and other
experts within the field were also encouraged to implement sanpplévaluesinto the model
andto review the output to give additional feedback.

To assess the reliability amdbustness of the model, evaluation of the fuzzy inference model
began by testing artificial or #@Aimaginaryo in
moderate and worst case scenaridsis methods used because by artificially controtiinhe

inputs the outputs careasily be compared. When all the best values are entered the model
should ideally give the best outparid his holds true also for the other two cas@serall these

input databands observed whether notthe output fellwithin the correspondingange. In each

band several parameters wego changedindividually to observethe model sensitivity per

critical parameters. Specifically, he model challenges the pg according to their diameter

which is divided into four rages of 14, 58, 912, and >12 inches.Several points were

observed during test data evaluation which is summarized below.

1. The model performed well when analyzing input data by the three band scdnarios
when the best input parameter values wereredtm the model the output reflected with
the best condition ranges. Similar results were found for the other two Joands.

2. The most influential or sensitive parameters observed during the evaluation process were
the Hazen William C factor, pipe breandexternal coating.

a. When the Hazen William C factor was changed f@Brto 75while analyzing the
best possible case band of 1 to 4 inch dianmiade| the models péormance
i ndex c hanG@pedito a3riFaim peZornifance state. This due to he
fact that this parameter largely influences the current integrity module. Similar
observations were also noticed tine cass of the other threepipe diameter
ranges.

b. Pipe breakalso influenced the model in a reaable manner. For example if a
mocerate pipe break was present less than five yearsaad the pipe segment
was repairedthe break rate was changed fraln X | ent 0 t o a 3
performancdevel from wherthe pipe was nqgtreviouslybroken
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c. The most sensitive parameter in this madextenal coating. This islue tothat
when all the parameters responsible for external corrosion are severe but there is
an external coating on the pipe, the final output of the external corrosibn is
AExcellend performance However, when a valueomesponding to no external
coating is inducted in the model with all other external corrosion values severe,
then the output of external corrosion module resultsperéormanceof 5 iVery
Poowo.

3. The Hazen William C factor influences the model #fiaealy. (Depending on the
diameter of the pipe&; factor values below 60 to 80 give the worst performance values.

4. In the best case scenarios, the overall performance gives resultant values close to or
exactly 1AExcellend performance

5. In the worst case soarios, the overall performance gives resultant valle=se d¢o or
exactly 5 pdifsfreancge Poor O

5.1.2 Evaluation Based on Field Data

Utility engineering evaluation and assessmentieldfdata in relation to the predicted pipe
performancas fundamental @themodelis specificallydeveloped for utilitiego implement to
their current water infrastructureCurrently, many utilities are reliant on field personnel to
determine future inspection andR& R of their water infrastructureThese tilities are n need

of a method to analyze the performante&rinking water pipelines before thdield staff retres
andtheknowledge of their water infrastructure systsnost.

The performance model was evaluated utilizing field data from the WVWA and thanjtash
Suburban Sanitary Commission (WSS€panalyzethe robustness of the model when applied in
real case scenariosSpecifically, field data from the WVWA was input into the fuzzy inference
performance model in where expert opinion verified the rasslta The output from the
performance model usingefd data from WSSC was also compared similarly with expert
opinion, but also included comparison to their existing condition model score.

5.1.2.1 Western Virginia Water Authority (WVWA)

The WVWA does not use a rdition model to determine future inspection an®&R of their
water infrastructure but however relies on field persoribling the development process of the
performance model, fieltechniciandrom the WVWA provided critical engineering knowledge
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in relation to parameters drtheir effect orpipeline performance as seen in the fieltltility
engineers and management also provided valuable model feedback.

Implementation of the performance model to WVWA data analyzed 14,000 pipe sections as
previouslypresented. Of those pipe secti@ssessed by the fuzzy inference methodqlagy
sample size representing this population was further evalu&aden a 95% confidence level

and 5% margin of error, @tal of 375 random pipe sectiongere choseriKrejcie 197Q. Each

of these pipe samples, their parametersrasdltant fuzzy inference module outputs are shown

in Appendix D

In analysis of this data sehe overall performance value was largely def@nton three factors:

Hazen Williams C factgorpipe breakand theexternalcoating on the pipes.Contrary tothe
traditional assumption thaipe age determines the overall lifetime of a pipeline, it is revealed
that the pipe agés not directly related to eéhperformance rating. The following is several
graphs which represettie pipe ageHazen Williams C factor and pipe break in relation to the
pipe performance. The external coating on the pipes is also shown in relation to the predicted
output corrosionmodule Due to the limited WVWA database, some parameters and their
effecs on the fuzzy inference performance model could not be tesiBuese parameters
included remaining wall thickness and percent of tuberculation.

Age

The pipe agen the utility pipe databasés one of the manyactors in determining the overall
performance predicted by the model based on engineering judgméné plot of pipe
performance vs. pipe agas shown in Figurd®, illustrates thatthe pipe age is not directly
related n determining the overall pipe performance valdenis graph does however show how
pipe age in combination with other parameters can predicetudtingperformanceating As
shown in Figure 16, the following analysis will evaluate young (triangles)llenabedovals)
andold (rectanglepipesin relation to the varying performance ratings of excellent (green), good
(yellow), fair (orange), poor (red) and very poor (black).

The green trianglaepresents some tiie youngespipes that haverasi Ex ce 6 | par f or man
rating due to favorable conditiondNext, he yellow triangle also represents young pipes but
with a AGoodod performance rating. These youn
no externalcoatingis present and the soil hasmoderate corrosivity levelThe orange triangle

il lustrates young pi pes . wWaranhetera owidg-ta ithSé& aipre o f or
performance ratingre dissimilar metals, no cathodic protection, moderate soil corrosivity and

no external coating In several cases, illustrated by the black triangle, the performance of the
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pi pe was fAVery Pooro regardless of the young
break.

Evaluating the middle aged pipes, the ormmyal highlights pipes witiavorable conditions

with the excepion of the piped wintage. In particular, the middle aged pipes are less than
excellent due to a poor vintage era which resulted in the reduced pipe thickness mainly attributed

to WWII. The red oval highlights the middege d pi pelines with a fiPoo
Mainly, thesepipes are galvanized stabht have a low design life and anfavorable vintage.

In particular pipe materials such as galvanized steel and copper have a much lower design life
than Cl andDl pipes. The mi ddl e aged pipes with the AVer:
by the black oval, are pipes with recent pipe breaks and an unfavorable vintage.

|t I's shown that some of the ol dest pthepes ha
orange rectangle T h i merfofinBree ratiogs due tothe pipes qualitywintage combined

with favorable conditions The redrectangle represents eldgalvanizedpipeswi t h a A Poor
performance rating Again, these pipe materials haagery low design lifewhich attributes to

the lower performance ratingLastly, theblack rectangle illustrates tloddest pipes that have a
AVery Pooro perfdhmapcé@Veayi RPgor 0 topecenfpipe manc e
breaks.Points not highlighte in this graph can also be described by a variance of parameters.

Overall, this graph illustratesdhthe pipe performance is rditectly related to the pipe agad
thatother factors can dominate the resulting performance rating. In conclusioa]lyyptdities
want to replace pipelines based just on age; howevany older pipes arstill in good to fair
condition due @ their superior quality coupledith favorable conditions. Contrary, there are
particular instances in whetlee pipe can faitluring its earliest years due to poor installation and
design. Basd on these conclusions, tharametei a gi® riot considered a criticdhctor in
determiningthe final performance rating
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Hazen Williams C Factor

The plot of pipe performance ke Hazen Williams C factogs shown in Figuré7, illustrates

that the pipe performance is dependgpbn the C factorThe Hazen WilliamsC factor is the
roughness coefficient of the inside of @eibased on an equation evaluating the pressure drop
due to friction as it relates to the pigmmeter and flow rate. Low Gétors indicate older pipes
and poor internal conditionsAlso, the smallethe diameter pipe is said to havéower Hazen
Williams C factor than krgerdiameter pipe of the same age which also contributeptmiger
performance value.Although the relationship of pipe performance vs. the Hazen Williams C
factor is not a linear, it is shown that the C factor largely influetfoesesulting performance
value.
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Figurel7: Performance vddazen Williams C Factor
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Pipe Break

Pipe breaks a very important parameter in the model as it reflectsow the pipe is performing
underground with varying influemng parameters. A pipe witprevious breaksndicates to a

utility that a problem exists in where further inspection and evaluation need to take place in order
to prevent future adversities. Results illustrated in the plot of pipe performampesbeak as

seenin Figurel8, show that pipe sectiongith previousbreaks ve poorer performance ratings.

As previously mentioned, if pipbreak isi ndd an it i's represented t
whi | e,i sfiiydeesnoot ed Ibd/Agan, thegie segmentfis cliaracterized based on
Ainodeo to Anodeo; therefore, i f there is a br

segment will reflect the pipe bregkrformance level

Pipe Break
5 4 3 2 1

+ Data Points

w
Performance

Figurel8: Performance vs. Pipe Break
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External Coating

In this model the external coating of the pipe is a major factor in deciding the value of the
external corrosion module as shown in Figliee This factor was also shown to be critical in
determining the overall performanaden analyzig theartificial data. In all the cases where the

pipes were applied an external coating, considering all other external corrosion factors, the
external corrosion rating isfl E x ¢ e.l Howavdr, dvhen an external coating was not present,

and unfavorableorrosion parameters were present, the external corrosion rating was less than
AExcelAsnpreviously mentioned, a fiyeso extern
while a finoo external coating value is denote

External Coating
1 2 3 4 5

# Data Points

External Corrosion
w

Figurel9: External Corrosion vs. External Coating

Implementdion of the prediction model with the WVWA has led to positive support of the
performance index. The utility engineers and management staff have provided their confidence
in the devoped model. As a result, WWWA has motivated their field staff to collect more data
during routine valve replacements and pipe installations because they see the benefit of
collecting data to feed the fuzzy inference predictive model.
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5.1.2.2 Washington SuburbanSanitary Commission (WSSQ

The WSSC is one of the utility leaders in the evaluation of water infrastructure and has a special
team devoted to the testing and analysis of their current infrastructure. In gdfi8&¢C has a
superior asset management plahich includes an existing condition model This WSSC
condition model was used to compare the results of the developed fuzzy inference performance
model based on similar inputsCheir previous studies and practices were recorded and crucial
water infragructure knowledge was reflectadthe developed performance modéleim various
meetings with their utility engineers and management staff.

With servicing a population of 1.8 million, WSSC is tH&l&rgest water and wastewater facility

in the U.S. andhas a service area of 1,000 square miles which includes Montgomery and Prince
Georgeds counties in Maryl andbased oV®i5gDe&esng e x i S |
judgmentis comprised of an age and corrosion based score which includes parameters such as
material type, diameter, length, construction year, rehabilitation date, number of breaks, break
type, lining, break date, discolored water, water leak, fire hydrant issue, valve leak, low pressure,

fire flows, proximity of break, aggressive soil, cathogliotection, wrap, wall thickness, and soil
corrosion rates. The output values of the WS
AVery Pooro which is similar to tQverall pestingd or man
the fuzzy inference ndel against another existing condition model can illustrate the versatility

of the developed index as it can be utilized with any number of water utilities to successfully
predict the performance of water pipelines.

A total of 27 pipe samples from WSSK&re evaluated by the fuzzy inference and condition
model. The list of the WSSC pipe samples and the fuzzy infereareenpters are shown in
Table33. Parameters provided by direct record included age, vintage, rehab (lining), thickness,
tuberculation, éak, pipe break, break <5 years ago, defect type, rehab/rehabilitation type,
adequate fire flows, pressure complaints, discolored water, live load (road type), material type,
cathodic protection, soil corrosivity and external coating. Product standardsutilezed to
determine the design life and the Hazen Williams C factor was derived using the age, diameter
and material type. An educated guess was specified to parameters including pressure class
exceeded, pressure surges, disturbances, floodingndessmetals and stray currents. Overall,

the performance index model reliability level utilizing WSSC data has an 89% reliability level.

Fuzzy inference and WSSC6s <condition model ¢
compared in Tabl84. Specificlly, this table lists the output fuzzy inference values for the four
modules which make up the performance index module and the fuzzy inference performance
output value and rating. Also included is a list of parameters which are contribaitihg
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module parameters pipe break, break history and defect type.

The fuzzy inference model

performance rating for this pgacular pipe sample was compared to the WSSC condition model
score of 3.57. Overall, the fuzzy inference model predicted a 0.19 value below the WSSC

model.

In comparing all the fuzzy inference and condition model scores, 75% of the samples

performancedondition outputs were within a 0.5 score of the other.

A graph illustrating the

fuzzy inference performance model results vs. the WSSC condition model results are shown in
Figure 20. There are five pipe samples (Pipe 11, 20, 21, 23 and 26) in whichzphéeference
performance index value is greater than 1.0 away from the WSSC condition score.
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Further evaluating Pipe 20 and Pipe 21, the fuzzy inferped®rmance index value for both
samples is 4.0 which is a APooro performance
scores of 2.53 and 1.71. When discussing the results of both models with WSSC, it was
concluded that the WSSC condition scoredelowas under predicting, in which the scores
should be much higher as a result to the high tuberculation levels found within both pipes. The
ot her sampl e, Pipe 23, had a fuzzy inference
performance ratingwhile the WSSC condition model predicted a score of 4.44. Discussion of

this pipe sample concluded that the WSSC condition model was over predicting, in which the
condition score should be lower since this pipe only has minor graphitization. Pipessafple

and 26 had a fuzzy inference performance ind
rating; while the WSSC condition model predicted scores of 1.94 and 1.58. The reason for the
higher performance rating with the fuzzy inference model was dpeetaous breaks within the

last 5 years.

Considering the differing methodology and techniques used to construct each of the models and
varying input parameters, the fuzzy inference model proves to be a successful model in
determining the drinking waterge performance. Furthermore, the fuzzy inference performance
model predicted more accurate results than the comparative existing WSSC condition score.
This holds truth since the fuzzy inference performance model is coupled with membership
functions and fithen rule statements capturing engineering knowletihgen just a simple
weighted and rule based methodology generated by one expert opinion. In addition, the fuzzy
inference model has more parameters to predicttimking water pipeperformance tharhe

WSSC condition model which include factors such as the Hazen Wiliams C factor,
tuberculation, pressure surges, flooding and dissimilar metals

After further evaluation of the fuzzy inference model results, WSSC completed additional testing
toverfythe model 6s compared. B sstatedthat thay wauld liksto anal y
furtherinvestigatea fuzzy inference model to predict the condition and/or performance of their
pipelines than use of their existing age and corrosion based modetoniclusion, WSSC has

great confidence in the developed fuzzy performance model and its capabilities.
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Table33: WSSC Pipe Samples

Parameter Units Pipe 1 Pipe 2 Pipe 3 Pipe 4 Pipe 5 Pipe 6 Pipe 7 Pipe 8 Pipe 9 Pipe 10
Diameter inch 8 6 6 6 8 8 8 10 10 8
Age year 97 80 75 73 73 56 56 56 56 56
Design Life year 100 100 100 100 100 75 75 75 75 75
Vintage year 1915 1932 1937 1939 1939 1956 1956 1956 1956 1956
Rehab (Lining) yes/no Yes No Yes No No No No Yes Yes No
Hazen WilliamsC Factor| c factor 75 75 140 75 75 80 80 140 140 80
Remaining Thickness percent 83 81 85 83 84 82 82 94 94 82
Tuberculation level None Heavy None Heavy None | Moderate| Moderate| None None | Moderate
Leak yes/no No No No No No No No No No No
Pipe Break yes/no Yes No Yes Yes Yes Yes No No No Yes
Break <5 Years Ago yes/no Yes No Yes No Yes No No No No No
Defect Classification type Moderate N/A Moderate | Moderate| Severe | Moderate N/A N/A N/A Moderate
Type of R/IR type Segment N/A Segment | Segment| Segment| Segment N/A N/A N/A Segment
Pressure Class Exceedeg occasion No No No No No No No No No No
Pressure Surges occasion No No No No No No No No No No
Adequate Fire Flow yes/no Yes No Yes No Yes Yes Yes Yes Yes Yes
Pressure Complaints yes/no No No No No No No No No No No
Discolored Water yes/no No No No No No No No No No No
Disturbances yes/no No No No No No No No No No No
Flooding occasion | Desirable | Desirable | Desirable | Desirable| Desirable| Desirable| Desirable| Desirable| Desirable| Desirable
Live Load road type| Moderate | Moderate Light Light Light Light Light Light Moderate| Light
Material Type yes/no Cl Cl Cl Cl Cl Cl Cl Cl Cl Cl
Dissimilar Metals yes/no No No No No No No No No No No
Cathodic Protection yes/no No No No No No No No No No No
Stray Currents yes/no No No No No No No No No No No
Soil Corrosivity level Low Moderate | Moderate | Moderate| Moderate| Moderate| Moderate| Moderate| Moderate| Moderate
Coating yes/no No No No No No No No No No No
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Table33: WSSC Pipe Samples Cont.

Parameter Units Pipe 11 | Pipe 12 | Pipe 13 | Pipe 14 | Pipe 15 | Pipe 16 | Pipe 17 | Pipe 18 | Pipe 19 | Pipe 20
Diameter inch 8 8 8 6 6 6 6 10 10 8
Age year 55 55 55 54 54 54 54 53 53 53
Design Life year 75 75 75 75 75 75 75 75 75 75
Vintage year 1957 1957 1957 1958 1958 1958 1958 1959 1959 1959
Rehab(Lining) yes/no Yes Yes Yes No No No No Yes Yes No
Hazen Williams C Factor| c factor 140 140 140 80 80 80 80 140 140 140
Remaining Thickness percent 86 86 86 82 82 82 82 94 94 83
Tuberculation level None None None Heavy Heavy Heavy | Moderate| None None Heavy
Leak yes/no No No No No No No No No No No
Pipe Break yes/no Yes Yes No Yes Yes Yes Yes No No Yes
Break <5 Years Ago yes/no Yes Yes No No No Yes No No No No
Defect Classification type Moderate| Severe N/A Moderate| Moderate| Severe | Moderate N/A N/A Moderate
Type of R/IR type Segment| Segment N/A Segment| Segment| Segment| Segment N/A N/A Segment
Pressure Class Exceede( occasion No No No No No No No No No No
Pressure Surges occasion No No No No No No No No No No
Adequate Fire Flow yes/no Yes Yes Yes No No No No Yes Yes Yes
Pressure Complaints yes/no No No No No No No No No No No
Discolored Water yes/no No No No No No No No No No No
Disturbances yes/no No No No No No No No No No No
Flooding occasion | Desirable| Desirable| Desirable| Desirable| Desirable| Desrable | Desirable| Desirable| Desirable| Desirable
Live Load road type Light Light Light Light Light Light Moderate| Light Light Light
Material Type yes/no Cl Cl Cl Cl Cl Cl Cl Cl Cl Cl
Dissimilar Metals yes/no No No No No No No No No No No
Cathodic Proteactin yes/no No No No No No No No No No No
Stray Currents yes/no No No No No No No No No No No
Soil Corrosivity level Low Low Low Moderate| Moderate| Moderate| Moderate| Moderate| Moderate| Moderate
Coating yes/no No No No No No No No No No No
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Table33: WSSCPipe Samples Cont.

Parameter Units Pipe 21 | Pipe 22 | Pipe 23 | Pipe 24 | Pipe 25 | Pipe 26 | Pipe 27
Diameter inch 8 8 8 8 6 6 8
Age year 52 52 49 49 47 47 47
Design Life year 75 75 75 75 75 75 75
Vintage year 1960 1960 1963 1963 1965 1965 1965
Rehab (Lining) yes/no No No No No Yes Yes Yes
Hazen Williams C Factor| c factor 140 80 90 90 140 140 140
Remaining Thickness percent 84 84 84 84 94 94 94
Tuberculation level Heavy Heavy | Moderate| Moderate| None None None
Leak yes/no No No No No No No No
Pipe Break yesho No Yes Yes No No Yes No
Break <5 Years Ago yes/no No No No No No Yes No
Defect Classification type N/A Moderate| Moderate N/A N/A Moderate N/A
Type of R/IR type N/A Segment| Segment N/A N/A Segment N/A
Pressure Class Exceede( occasion No No No No No No No
Pressure Surges occasion No No No No No No No
Adequate Fire Flow yes/no Yes Yes Yes Yes Yes Yes Yes
Pressure Complaints yes/no No No No No No No No
Discolored Water yes/no No No No No No No No
Disturbances yes/no No No No No No No No
Flooding ocasion | Desirable| Desirable| Desirable| Desirable| Desirable| Desirable| Desirable
Live Load road type Light Light Light Light Light Light Light
Material Type yes/no Cl Cl Cl Cl Cl Cl Cl
Dissimilar Metals yes/no No No No No No No No
Cathodic Protection yes/no No No No No No No No
Stray Currents yes/no No No No No No No No
Soil Corrosivity level Moderate| Moderate| Low High Low Low Low
Coating yes/no No No No No No No No
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Table34: Fuzzy Inference vs. WSSC Condition Model

Fuzy Fuzzy Fuzzy Fuzzy Fuzzy Fuzzy
WSSC
Current Internal | External | External Inference Inference : "
Sample . o . Why the Fuzzy Rating? Condition
Integrity | Condition Stress | Corrosion | Performance| Performance Score
Output Output Output Output Output Rating
Pipe 1 3.38 1.00 200 1.00 3.38 Fair Structural Condition (C Factor, R_emaining Thicknes 357
Break Rate (Break, Break History, Defect Type,
Pipe 2 3.98 5.00 2.00 2.00 5.00 Very Poor Internal Condition (Fire F|ow) 5.00
Pipe 3 3.00 1.00 1.00 2.00 3.00 Fair Break Rate (Break, Break History, Defect Type) 3.17
Pipe4 | 4.00 5.00 1.00 2.00 5.00 Very Poor Structural Condition (Tuberculation) 5.00
Internal Condition (Fire Flow)
Pipe 5 4.38 1.00 1.00 2.00 4.38 Poor Break Rate (Break, Break History, Defect Type) 5.00
Life Expectancy
Pipe 6 3.00 1.00 1.00 2.00 3.00 Fair Structural Condition (C Factor, Remaining Thickneg  3.08
Tuberculation)
Life Expectancy
Pipe 7 3.00 1.00 1.00 2.00 3.00 Fair Structural Condition (C Factor, Remaining Thicknes  2.72
Tuberculation)
Pipe 8 1.40 1.00 1.00 2.00 1.98 Good External Corrosion (Soil Corrosivity) 1.78
Pipe9 | 1.40 1.00 2.00 2.00 1.98 Good External @rrosion (Soil Corrosivity) 1.78
External Stress (Live Load)
Life Expectancy
Pipe 10 3.00 1.00 1.00 2.00 3.00 Fair Structural Condition (C Factor, Remaining Thicknes  3.61
Tuberculation)
Pipe 11 3.00 1.00 1.00 1.00 3.00 Fair Break Rate (Break, Break History, Defeq‘p‘é) 1.94
Pipe 12| 4.00 1.00 1.00 1.00 4.00 Poor Break Rate (Break, Break History, Defect Type) 3.61
Pipe 13| 2.00 1.00 1.00 1.00 2.00 Good Structural Condition (Remaining Thickness) 1.63
Pipe 14|  4.00 5.00 1.00 2.00 5.00 Very Poor Structural Condition (Therculation) 5.00

Internal Condition (Fire Flow)
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Table34: Fuzzy Inference vs. WSSC Condition Mo@sint.

Fuzzy

Fuzzy

Fuzzy

Fuzzy

Fuzzy

Fuzzy

Current Internal External External Inference Inference . WSS.C
Sample : o . Why the Fuzzy Rating? Condition
Integrity | Condition Stress Corrosion | Performance| Performance Score
Output Output Output Output Output Rating
Pipe 15| 4.00 5.00 1.00 2.00 5.00 Very Poor Structural Condition (T uberculation) 5.00
Internal Condition (Fire Flow)
_ Structural Condition (Tuberculation)
Plpe 16 4.60 5.00 1.00 2.00 4.80 Very Poor Break Rate (Break' Break History, Defect Type) 5.00
Internal Condition (Fire Flow)
Pipe 17 3.00 5.00 2.00 2.00 5.00 Very Poor Internal Condition (Fire Flow) 5.00
Pipe 18 1.40 1.00 1.00 2.00 1.98 Good External Corrosion (Soil Corrosivity) 1.73
Pipe 19 1.40 1.00 1.00 2.00 1.98 Good External Corrosion (Soil Corrosivity) 1.73
Pipe 20| 4.00 1.00 1.00 200 4.00 Poq Structural Condition (Re_mammg Thickness, 253
Tuberculation)
Pipe 21| 4.00 1.00 1.00 200 4.00 Poor Structural Condition (Re_mammg Thickness, 171
Tuberculation)
Pipe 22| 4.00 1.00 1.00 200 4.00 Poor Structural Condition (C Facto_r, Remaining Thicksies 411
Tuberculation)
Pipe 23 3.00 1.00 1.00 1.00 3.00 Fair Structural Condition (C Factqr, Remaining Thicknes 4.44
Tuberculation)
Pipe 24 3.00 1.00 1.00 3.00 3.00 Fair Structural Condition (C Facto_r, Remaining Thicknes 3.00
Tuberculation)
Pipe 25 1.40 1.00 1.00 1.00 1.40 Good Life Expectancy 1.32
Pipe 26 | 3.00 1.00 1.00 1.00 3.00 Fair Break Rate (Break, Break History, Defect Type) | 1.58
Pipe 27 1.40 1.00 1.00 1.00 1.40 Good Life Expectancy 1.28
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5.1.3 Evaluation Based on LabTestData

Testing basedn artificial data and real utility field dataccessfully assessed the robustness of
the developed fuzzy inference performance model; howdker,modelparameters are not
entirely holistic in how they are quantified and truth bkts whetheror not themodel is
predictingactualwater pipeperformance valueg®und in the field I n order to asse
scenario, extracted samples wed@lectedfrom the field and tested in the laboratofyhe
purpose of lab testing is to compare the remainirgngthof the pipewith the predicted fuzzy
inference performance value which analyzes the pipe befordugisip With the consideration

of close to 30 pipe parameters, the fuzderence performance model does not consider obvious
factors including ack and fractures; therefore, relating the models results to the remaining
strength of the pipe with use of lab tests tetp in strengthening the overall confidence level
the model has when predicting pipe performan&pecifically, the WVWA provided everal

pipe samples which were acquired through valve replacemeatare considered a good
representation of the pipe segmefiverall, cetermining the materials mechanical properises
essential in analyzing the remaining structural state of the pipe.

There aretwo main loadsvhich acton a buried pressurized pipenternal and externalThe
internal loading is typically simulated in the lab using a bursting tensile test in which both ends
of the pipe segment is capped and water pressure is apiplidet pipe fails. This bursting
tensile test can provide information on the tensile strength of the pipe. In contrast, the pipe
strength for the external loading is examined using a ring bearing test for the rupture modulus
which shows the resistanoéthe pipe due to the bending stresses.

The ring bearing test was chosen to assess the remaining strength of the pipe due to the
simplicity of the test and monetary constraints. In particular, the tensile test requires that the
sampl es be dogbdnéded pent mefis whi tihitechto anly theeringy c o st
bearing test, the results will lsenstrainedo only evaluating the stress demonstrated externally.
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With use ofthe ring bearing test, the rupture modulus is calculated by
Y TouvF— (6)

where,

R is the rupture modulus (psi)

W is the breaking load (Ibs)

d is the average inside diameter (in)

0 is the average thicknesstbE pipe (in)
a is the length of the ring (in)

Pipe standardsan provide the original rupture modulus prior to installation of the pipe.
extracting a sample of the pipe and using the ring bearing test to determine the breaking load, the
currentrupture modulusan be calculated Comparison of the original véhe current rupture
modulusdeterming the remaining strengtbf the pipe The remaining strengtltan then be

related tothe current pipe condition. The percent of strength remainiregaated per pig
condition is shown in Tabl&5.

Table35. Remaining Strength vs. Pipe Condition

Strength Remaining  Condition Score

100-:90% Excellent
90-75% Good
50-75% Fair
50-25% Poor
25-0% Very Poor

WVWA Testing

The tesihg procedurdASA 1962 ASA 1962 requires that each of th@pe samplesbe cut to

the lergth of 1.5 times its nominal diameter prior to testinfp represent the actual working
condition, the sample is not cleaned prior to the test. The sasnlen loaded in compression
till failure between two bearing plates using a-pemnt loading syem. Please note that
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standards require athipeo i Nt | oading system using a AVO
costly. The ring was also fitted with a linear varying displacement trargsdilLVDT).
The samples utilized for testing consistedafr6 6 C1 10 galvanized and

which were exhumed from the WVWA utiliguring routine valve replacementesting of the

Cl pipelines consisted of loading the pipe sanmpl&ilure and using thenaximum load which
was applied during flure to calculate theupture of modulus Specifically, pipe 1 and 2 are
from the same pipe segment but two different sections. One section is free from all cracks and
fractures; while, the other one has a crack already developed. This scenarsamméhi@r pipe

3 and 4. The two galvanized pipes weatsotested; however, due to the physical characteristics
of this material, the samples failed to ruptur®l and glvanizedpipes are both flexible
materialsin which this specific test is not appllda since the pipe will fail to crack and/or
fracture under loading On the contrary, Cl is a very brittle material, in which the ring bearing
test is capable of calculating the rupture of modulus. Aetdlustrating each of theipe
samples and theparameters are shown in TaBlg
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Table36: WVWA Lab Testing Samples

Parameters Unit Pipe 1 Pipe 2 Pipe 3 Pipe 4 Pipe 5 Pipe 6
Diameter in 6 6 6 6 1 2
Age year 121 121 121 121 62 55
Design Life year 120 120 120 120 50 50
Vintage year 1891 1891 1891 1891 1950 1957
Rehab (Lining) yes/no No No No No No No
C Factor c factor 75 75 75 75 50 50
Remaining Thickness | percent 100 100 100 100 50 100
Tuberculation level None None None None | Moderate| Light
Leak yes/no No No No No Yes No
Pipe Break yes/no Yes Yes Yes Yes Yes Yes
Break <5 Years Ago yes/no Yes Yes Yes Yes Yes Yes
Defect Type type N/A Severe N/A Severe | Extreme Mild
R/R type N/A None N/A None None Segment
Pressure Class Exceedg occasion Never Never Never Never Never Never
Pressure Surges occasion Never Never Never Never Never Never
Adequate Fire Flow yes/no Yes Yes Yes Yes Yes Yes
Pressure Complaints yes/no No No No No No No
Discolored Water yes/no No No No No No No
Disturbances yes/no No No No No No No
Flooding occasion Never Never Never Never Never Never
Live Load road type | NonNHS | NonNHS | NonNHS | NonNHS | NonNHS | NonNHS
Material Type type Cl Cl Cl Cl GAL GAL
Dissimilar Metals yes/no No No No No No No
Cathodic Protection yes/no No No No No No No
Stray Currents yesno No No No No No No
Soil Corrosivity level Moderate| Moderate| Moderate| Moderate| Low Low
Coating yes/no No No No No No No
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Results

The calculated modulus of rupture for each test was compared to its original modulus of rupture

to determine the remaimg strength. As documented by Seitd et al (2002, the original
modul us of rupture for t he s 84®54@3i. ThmAmerican r ou g h
Standards Association @A) standardgASA 1962 ASA 1962 did not start publishinghe
rupturemodulusfor CI pipelines untill962; therefore, since the CI test samples are 121 years

old, the originamodulusof rupture was taken from Seica.

Results of the calculated rupture modulus, remaining strength and corstitice found through

lab testing can be compared to the performance rating calculated by the fuzzy inference
prediction model. Overall, the condition score found through lab testing should be close to the
performance rating found through the fuzzy infee model. A table showing the test and
model results are shown in Tal8& Also, before and after photo$ the test specimenare
shownin Figure 21

Table37: Lab Test and Fuzzy Inference Model Results

Pipe Rupture _ Remaining | Condition | Fuzzy Inference Fuzzy Inference_
Modulus (i) | Strength (%)| Score Performance Valug Performance Rating

1 23,901 68 Fair 3.32 Fair

2 6,900 20 Very Poor 4.88 Very Poor
3 22,191 63 Fair 3.32 Fair

4 12,955 37 Poor 4.88 Very Poor
5 4.78 Very Poor
6 4.56 Very Poor

The calculated rupture modulussultsfrom the ring bearing test show that the remaining
strength of pipe 1 is 68% which is correlate
inference performance modet g di cted a 3.32 wvalwue correspon
rating. Specifically, the fuzzy inference performance rating is the value predicted based on age

and other factors before the pipe isragted; while the condition score found through the rigptur

modulus is the actual physical remaining strength of the pipe.

Evaluating the other cracked section of the initial pipe segment, pipe 2, it is shown that the
remaining strength of the pipe is 20% which
while the fuzzy inference performance model predicted the cracked pipe segmeatualbe of
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4. 88 corresponding to a AVery Pooro perfor man
3 and 4 as the remaining strength of pfgpe i s 6 3 % ationfisEoeeiinrcomparison t a
predicted 3.32 val ue wh iandpipe 4shasaa rein&rang stréngtbar f o r
37% which is a APooro condition score in comp
performance. These resultdllustrate that the fuzzy inference performance model results are
consistent with the pipasiodulus of rupture and is capable of predicting realistic performance
ratings.

Contrary to the CI pipe sampldabge rupture modulus results for the galvanized pipesasb

and6 were not obtained due to the physical characteristics of the pipe. By physically evaluating
pipe5, a hole in the pipe wall was visible which was most likely due to corrosion. Therefore, it

can be said that based on a visual inspectionpghispe i s fail ed or AVery
inference performance value forpipavas 4. 78 which is also a fiVer
performance index is predicting values highly correlated to the actual pipe condffmn6on

the other hand didat show forms of corrosion or reduced wall thickness. The fuzzy inference
performance value for this samplTee perfarsmiancek. 56 h
rating of pipe @s representativef the actual conditiononsidering the age of the pipepast the

design life and the pipe has a Hazen Williams C factor of 50. From the picture in Figure 21 it is
also shown that the pipe has mild tuberculation.

The ring bearing test illustrates that the calculated rupture modulus can be related to the
remaning physical strength of the pipe. Results determined that the condition score predicted
from the remaining pipe strength were in good relation to the performance ratings predicted by
the fuzzy inference model. As illustrated, the ring bearing teshlis applicable for brittle
materials such as CI pipes and cannot be used to test more flexible pipes such as DI and
galvanized pipes. Since a large portion of the buried water pipeline infrastructure is CI pipes, it
is concluded that this test justificket testing of only CI pipes. Due to the limited samples and
money constraints, testing was limited to a small sampleasidethe ring bearing testin the

future, more samplesvarying testsand differing pipe materials should be tested to evaluate
evely performance level; however, this may be difficult as utilities typically only remove pipe
that is in APooro or fAVery Pooro condition.
material types, samples may be challenging to obtain sincemgmnyDd es ar e st i | | [
and AGoodod condition.

141



Figure2l. Lab Specimens
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5.1.4 Evaluation Summary

The evaluation process corte@ of analyzing artificialfield and lalwratorydata Artificial data

was specificallyusedin the model development stages to see if the nsoolefput was relational

to the inputs provided. This evaluation based on artificial data provided the initial level of
confidenceof the developed modeind determined the most influential parameters comigplli

the pipe performance rating. During this time utility and expert opinaes assisted in
providingcritical engineering judgment in the development of the model.

Utility field data was then sed to evaluate the model which gave utilities a confidemce
applying the model to their own database. It was shown that in order for a utility to adopt the
fuzzy inference performance model one needs to

Collect and organize all input parameters per required unit

Input parameters per pipe section

Run model taletermine performance results

Analyze performance rating in terms of prioritizing future inspection and R,R&R

HwnN P

Comparison of the existing utility condition model also provided a sense of reliability that the
developed fuzzy inference performance model hes previously existing models. The field
data evaluation provided utilities with the level of confidence that the fuzzy inference model has
in predicting the pipe performance. Specifically, the field implementation has led to the utilities
collecting moe data during field installation and R,R&R and evaluating the fuzzy inference
model as their future pipe performance prediction tool.

Lastly, limited lab testing was used to strengthen the model by relating the predicted
performance rating to the remaig physical pipe strengthln detail a ring bearing test was

used to determine the rupture modulus of the extracted samples. The lab analysis concluded to
be of good practice; however, a much more thorough lab analysis is needed in order to validate
the model. Specifically a large range of diameter sizes, materials and varying condition states
should be presented. By evaluating pipes with differing condition states, the engineering
judgment used to correlate the remaining strength found through ph&eunodulus to the
condition score can be further refined. Various other testing methods should also be evaluated,
which can determine properties such as the stress due to internal pressure which is found through
tensile testing.

Overall, evaluating thperformance prediction model based on three different levels of data has
illustrated the reliability of the developed model. Due to monetary and time constraints it is
impossible to physically dig up every pipe to determine its condition. As a resdélsnare

143



used to evaluate the piperformancebased on the existing utility databas€here are many
models used in condition evaluation and prediction, risk analysis and renewal prioritization of
drinking water pipelines; however, most of these modal® taccuracy and reliability problems.
Previous models also do not consider an extensive amount of paraametesse used to only
evaluate the pipe conditiprhowever, in order to achieve a valued performance model all
determining factors must be congieleé which measures the pipe performance level
Specifically, parameters included in this model which assess the pipe performance level include
previous breakdyreak yearpreak defect type, break rehab type, adequate fire flows, discolored
water issuesind pressure complaint®verall, this research has led to the ground foundation for
pipe performance data collection, a fuzzy inference model incorporating a large array of input
data variables and a solid ground for future performance model valida8pacifically, any

future condition/performance model can build from the evaluation provided in this research
validate their model

In conclusion, utilities will use this developed performance model basdldat it includesan
extensive amourof pamameters, utilizes simple if/then rule statement that utility personnel can
appreciate, is practical for establishing an asset management plan and it has been previously
applied to realife scenarios. The evaluation frameworlalso proved the accuracy ofiet
developed performance model which provided a confidence level to utili@esrall, utilities

which acquire this model will be able to identify potential problem areas in where future
inspection needs to take place in order to assess the correct RB&Ed.

5.2 Water Pipeline Deterioration Prediction

Accurate prediction of pipeline deterioration is essential in estimating the pipeline performance
over time, as it plays a significant role in asset management and investment planning. Utilizing
the pipelire performance values generated through the performance index presented in the
previous chapter, the estimation of pipeline deterioration curves for various subgroups can be
forecasted. Specifically, a Markov Chain approach is presented to aid in thetipnedf the
deterioration curves. This approach has been widely accepted in predicting the deterioration of
various infrastructure assets such as pavem@utt 1987 Carnahan 1987 bridges(Jiang

1988 and sewer systenf®Virahadikusumah 20QBaik 203; Sinha 2007Park 2009.

5.2.1 Markov Chain-Based Deterioration Model

A Markov chain is a stochastic process that was initiddgumented in 1906 by A. Meov
(Ching 2006. A stochastic process is said to characterize a Markov chain, if the random process
takeson a Markov property which is the conditional probabilihat any future event is
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dependentonly on the current state and is independent of all past staldse Markovian
property is expressed as

A ORI AT 6 1 A QB Thd Q 00 MW Q (7

where,
Qis the state at time
0 is the conditional probability

The probability that stateat time ¢) will change to stat¢ at time(t+1) is termed a transition
probability expressed as

VA W QN (8)

where,

i, ] are states

tis time

n is the transition probability
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The termtransitionis coined when the asset performanoeves from statg during one period,

to statg, during the next period. As formerly presented, a water pipeline asset can have one of
five performance | evel s or ftiamsitioh fiomsonecstate ® @A st a
another angbossibletransition probabilities for each of thwd states is shown in Figure.2h

this case, each state can have a total of five transition probabilities consisting of the probability

of staying in the samstate, probability of changing from one state to the next state or the
probability of skippingiumerousstates.

Figure22: Markov Chain Model
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Transition probabilities are oftempresented in the form of an x mmatrix. The probdility
that the assets performaneél move from state to statg is expressed in transition probability
matrix as

n n 8 n
o . |
. 1N n 8 n Y] 9
U || D D D D I’I ( )
1) IJ
Ty N 8 n U
B 0 phHQen phhesn (10)

where,

mis the number of performanstates

n is the transition probability from stait¢o statg
P is the transition probability matrix

The probability that statewill move to statg aftern periods is representdry or then-

step transition probability.Based on the Chapmddolmogorov equation, the-step transition
probability matrixis

6 0 0 8 0 (11)

where,

nis the number of transitien

P is the transition probability matrix

0 is the nstep transition probability matrix
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5.2.2 Transition Probability Estimation

A nonlinear optimization base approach was proposed in the estimation of the transition
probabilities. Theoretically the estimation of the transition probability matrix is determined by
minimizing the sum of the absolute difference between the expected values forecasted by
regression analysis and the theoretical valetrmined by the Markov chain modd®revious
authors havelso used this technique to formulate the transition probabibfiédarkov models

such asin pavementqButt 1987 Carnahan 1997 bridges(Jiang 1988 and sewer systems
(Wirahadikusumah 20QBaik 2003 Sinha 2007Park 2009.

In developing deterioration curves, it is imperative to sedeceralsubgroups of data in order to
evaluate the effects of various fact@ach as pipe material, diameter | smrrosivity, etc, have

on the overall pipe performanceSubsequentlyeach subgroup ifitted utilizing regression
analysis to determine the relationship between the performance rating angstigeates of the
Markov chain transition probabilities f@ach subgroup ithendetermined through a nonlinear
optimization technique.To avoid the assuption that the deterioration of infrastructure assets
has a constant transition period oiteflife spana zoning concept is introduced in where the life

of the asset is defined by several zones. Overall, the nonlinear optimization technique used in
the estimation ofhetransition probabilities of the Markov chain model is

0 Q¢ QBQERNO VD S (12)

Subjecty Gol,j&6 @, 2,¢é, m

where,

N is thenumber of transition periods a zone

tis theage of the asset

Y(t)is averagerformance rating at agedetermined by regression analysis

E(t, P) is the expected value of the performaatémet based on Markov chain model
f is the transition probability from stait¢o statg

mis the number gperformancestates

148



In detail the expected performance value based on the Markov chain B@de), is

~

O ov

C
<
(et}
Ca
<

(13)

where,

0 s the initial performance vector at stalje

0 s the performance vector at stage

0 is the probability matrix after n transitions

Y is the transpose of the performance rating vector S

5.2.3 Deterioration Prediction Results

To illustrate the use of the Markovian basededetation mode WVWA performanceratings
developedrom the fuzzy inference model were utilizethe data set was divided into subsets

based on the location of the pipe, pipe material type, diameter, live load and soil corrosivity
level. In order to establish the retanship between thperformanceating and the age of the

pipe, regression analyses were performed per dataTéet.first exampleonsides 30 C | pi pe
within the WVWAay¥DHOg wnder@itomNHE Wit a low soil corrosivity

level. Theestimated rationship between the performaning and age based on regression

analysisfor&8 CI|I pipe in i$his particular area
Y(t) = exp (L.13868 + 0.00929t11.89939 (14

where,

t = age

The regression madl given forms the basis for the estimation of the transition probabilities of

the Markov chain based deterioration model. The transitions are specifically represented by a 5
x 5 probability matrix, represnting the one of five performanstates. To aacmnt for the
tendency that older water mains deteriorate at a faster rate than newer mains, a zoning concept is
applied (Wirahadikusumah 2001 A zone is a period of time that is assumed to produce a
constant transition probability, which in this case study was considered as a five year zone. An
added advantage of the zoning concept makes for the complex computation to be reasonably
manageable.
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The transition probabilitieareestimated using a nonlinear optimization techniqgiee function
given in Equation 12ssentially minimizes the sum of the absolute difference of the expected
values between the regression model and the Markov chainl.mddging this nonlinear
optimization technique, the first zorseeexpressed as

008 QACBG'Q 8 ° pHWwwo PUANTD PCOTU
008 QACBG'Q 8 ° pHWwwo PUANTD PCOTU
0QE QEAXFAQ 8 ° pHWwwo PUANATD PCOTU
008 QEBGQ 8 ° pHwwWwo PUNATO pCoTu

008 QEBaQ 8 ° pYwwo PANNTLO pCoTu (15)

The transition probabilities for the second zone are estimtagedubstituting the first zone
transition probabilitiesd 0 , for the initial state vectoD .

008 QEBGQ 8 *° pYwwo@nnnnd 0 pcoTu
D08 QEBaQ 8 ° pYwwo @UIIMLd O pcotu
D08 QEBa'Q 8 ° pHwwo PHANANTL U pCoTu
0 Q¢ "Bawd 8 ' pYPwwo PUAATO O pCoTu
0 Q¢ Qax8aQ 8 ¢ PR Wwo PNNINNO 0 pPCoTU (16)
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Optimizing the nonlinear equation for éazone, transition probabilities are estimatsdshown
in Table38.

Table38: 3 0 Tehsition Probabilities

Zone P P11 P22 P33 Pa4 P55
1 P11y | 0.9008 1.0000 1.0000 0.0000 1.0000
5 P2 (1) | 1.0000 0.9632 0.4694 0.0000 1.0000
3 P31y | 07217 1.0000 1.0000 0.0000 1.0000
4 P4 (1) | 1.0000 0.9956 0.4884 0.0000 1.0000
5 Ps (1) | 0.1041 0.9988 0.9946 0.0000 1.0000
6 Pe (1) | 0.0013 0.9501 1.0000 0.0000 1.0000
7 P71y | 0.0000 0.9327 1.0000 1.0000 1.0000
8 Pg (1) | 0.0000 0.8596 1.0000 08929 1.0000
9 Po (1) | 0.0000 0.7639 1.0000 1.0000 1.0000
10 Pio(y | 00000 1.0000 0.8025 1.0000 1.0000
11 P11 | 0.0000 0.0000 0.9055 1.0000 1.0000
12 P12 | 0.0000 0.0000 0.9034 1.0000 1.0000
13 P13 | 0.0000 0.0000 0.7350 1.0000 1.0000
14 P14y | 0.0000 0.0000 1.0000 0.7266 1.0000
15  Pi5(1) | 0.0000 0.0000 0.0000 0.8835 1.0000
16  P1e(1) | 0.0000 0.0000 0.0000 0.8354 1.0000
17 P17 | 0.0000 0.0000 0.0000 0.5491 1.0000
18 Pis(1) | 0.0000 0.0000 0.0000 0.0000 1.0000

Based on the calculated trammn probabilities, the Markov chain model predicts that the
expected useful life of thed C 1 fromithe &/VWAR @Gvityd zone under a neBNHS with a

low soil corrosivity levelis 90 yearsas shown byhe deterioration curve in Figure8.2 As
illustratedthe deterioration rate is low at the beginning of the useful life and then increases as the
pipe ages.Please note that this curve is not developed based on time dependent data.
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Figure23: Markov Deterioration Curve f@o Eipe

Considering that no rehabilitation of this pipe has taken place, the expected performance for the
30 ClI wat e WVWA i Ggtyd zone uhderea neNHS with a low corrosivity level
after 25 years is estimated as

25 Year Expected Performancegnnnmtd 0 pcCotTu

PR O ™MwmsimpP O pX P pgoTU
¢8rmmt L (17)

where
0 s the transition probability after 20 years

U is the transition probabilitgfter25 years

The 30 Cl \weaformancepadlup afteri2hyears is expectedrop toabout2. The
probability of the performance level 2 is 0.990he probabilityof this water pipelinglropping

to a performance level @3, 4 and 5 ar€d.004, 1.82ED5, 1.76E05, which arealmost close to
zerois unlikely. It is also infeasible for the pipe&rcondition to increase to 1, whose probability
is 1.22E05. Similarly, performance values at different years can be calculated.
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In order to compare the deterioration curves of various subgrogpspad exampleonsideed
160 DI pipe within the WVWA zore t i tr la e dalsofjo@tedunder anon-NHS with alow
to moderatesoil corrosivity level. The estimated relationship betwehe performanceating
and age based on regression analgsia 1® DI pipe in this particular area

Y(t) = exp (022081+ 0.01354t}0.08677 (18)

where,
t = age

Using this estimated relationshipased on regression analysifie transition probabilities

utilizing the nonlinear optimization technique are estimafed r t h e pela$ showdin p i
Table39.Unl i ke the 30 ClI water oh80iyeasthesMaikaybhaipr edi c
modelbased on the estimated transition probabilipiesdicts the expected useful life of thé&

DI pipe is 110 yearsas shownby the deterioation curve in Figure 24 Due to the inherent

makeup of the material, CI pipes typically have a shorter lifespan than DI ghoethermore

larger diameter pipelines have a greater cross sectional area than smaller diameter pipelines
which make the pipeless susceptible to radial loading from various traffic loads or disturbances
leading to a greater life expectancy.
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Table39: 160 DI Transition
Zone P P11 P22 P33 P44 P55
1 P1 (1) | 0-9368 1.0000 1.0000 0.0000 1.0000
2 P2 (1) | 1.0000 0.9739 0.4711 0.0000 1.0000
3 P31 | 0-8725 1.0000 1.0000 0.0000 1.0000
4 P4 (1) | 1.0000 0.9895 0.4756 0.0000 1.0000
5 P51 | 0.7269 1.0000 1.0000 0.0000 1.0000
6 Ps (1) | 1.0000 1.0000 1.0000 0.0000 1.0000
7 p7 (1 | 0.1892 1.0000 1.0000 1.0000 1.0000
8 Pg (1) | 0.0196 0.9966 0.2844 0.0708 1.0000
9 Pg (1) | 0-0000 0.9601 1.0000 1.0000 1.0000
10 P10 (1) | 0.0000 0.9408 1.0000 1.0000 1.0000
11 P11 (1) | 00000 0.8920 1.0000 1.0000 1.0000
12 P12 (1) | 0.0000 0.8221 1.0000 0.9670 1.0000
13 P13 (1) | 0.0000 0.7052 1.0000 1.0000 1.0000
14 P14 (1) | 0.0000 0.3644 0.9816 0.6240 1.0000
15 P15 (1) | 0.0000 0.0422 0.9258 1.0000 1.0000
16 P16 (1) | 0.0000 0.0000 0.8681 1.0000 1.0000
17 P17 (1) | 0.0000 0.0000 0.7257 1.0000 1.0000
18 P18 (1) | 0.0000 0.0000 0.2748 0.9772 1.0000
19 P19 (1) | 0.0000 0.0000 0.0000 0.9002 1.0000
20 P20 (1) | 0.0000 0.0000 0.0000 0.7810 1.0000
21 P21 (1) | 0.0000 0.0000 0.0000 0.3133 1.0000
22 P22 (1) | 0-0000 0.0000 0.0000 0.0000 1.0000
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Figure24. MarkovDet er i or ati on Curve for 160 D

Evaluation of the predicted deterioration curve can be compared to real life utility scenarios to
aid in scheduling future pipe interventions and the selection of the best R,R&R technique given
the situation.The abovaleterioration curveillustrate the degradation of the pipe with age, if no
repair @ rehabilitation takes placdf no futureR,R&R of the pipe is scheduled the pipe will run

to failure in where replacement of the pipeline is the only option. In mastgnices, for
example large diameter pipelines, optimizing the correct timR fle&R of a pipeline is cheaper

than letting the pipe run to failure. Also in most cases the larger diameter pipes cannot be run to
failure due to their greater risk of conseque if pipe failure occurs. In these special instances
utilities can optimize a time when futuRRR&R should be scheduleas well as chose the best
R,R&R technique

As illustrated in Figure 23 and 24 the deterioration curgewerespecifically developg and
estimated basedn 30 C | s undempasontNHS with a low soil cowsivity leveland 160 DI
pipes under a neNHS with a low to moderate soil corrosivity levier the WVWA zone

cl assi fri awli TaysosamieGprocess is applicable to be utilimedietermine further
deterioration curves for the various other subgroups created. Other subgroups may consist of
analyzing the effect of various material types, vintage, diameterc@wdsivity, locations etc

Each subgroup will yield different tnaition probabilities and deterioration curve based on the
previously established EquatioB.1
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Assessing thevater pipelinedeterioration curveis essential in gauging thgerformancef these
underground systems. This specific methodology has bedelywutilized to estimate the
deterioration of other infrastructure types such as sewers, bridges and pavements. Further
analysis would determine the deterioration characterization of the various other subsets within
this infrastructure system.Compari®n of these curves caad in theunderstandingf the

various pipe attributes and theanvironment in relation of how theerformancerating will

change with ageOverall, uture model verification and validation of these deterioration curves

is essentl to be of aid in scheduling future pipe interventions and selection of the best R,R&R
technique.
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6 Conclusions andLimitations

The conclusions and limitations tfie fuzzy inferene performance model and Markofain
deterioration modedre summarized ithe following paragraphs.

6.1 Conclusions

A performance model based on a fuzzy inference methodology was developed in this study for
the performanceestimation oimetallicdrinking water infrastructure assdts nonscaling water
Overall, here are signitant challenges associated with predicting the remaining economic life
of water pipéne infrastructure systenwhich include the methodology used to develop a
pipeline prediction model and the parametesssidered A number of mathematical models
were eviewed in the literaturehowever, therewere gaps between available mathematical
models and current utility practice in predicting water pipe condition and failungtationsin

the previousmodel capabilities andomplexity in analysided to selectng thefuzzy inference
methodology

In the development of the fuzzference performance model, the evaluation of the vappes
material types, life cycle and failure modes and mechanisere identified Also a data
structure entailing over 100 mpparameters which affect the overall pipe performance was
detailed. Overall, fundamental understanding of drinking water pipeline infrastrucystems
was accomplished which led to the development of a weighted factor and fuzzy inferelete mo
to prioritize and predicthe performance adrinking water pipdéines. Particularly, the weighted
factor nethodologywasanintroductory modeWhich waslimited to binary setswhile thefuzzy
inferencemethodology allowed for the incorporation efgineering ydgmentin fuzzy setsto
predict infrastructure performanaeeith the limited historical databasénfrastructure systesn
were alsodescribedinguistically, with the fuzzy inference methodologywrough ifthen rule
statementswhich enabled significant pameters to be interpreted in the overall resultant
Challenges existedn constructing a fuzzy rule set, selecting a membership funetiah
determining thelefuzzification process.

An extensive evaluation process of the developed fuzzy inference panicenmdex included
analysis of artificial, field and lab data. In particular, the artificial evaluation process helped to
develop the fuzzy inference performance predictioodel through sample data input. The
outputs werehten analyzed to determinefiirther model refinement was needed. This process
also allowed for utility and expert opinions to be acquiredhe Tuzzy inference performance
model waghenpiloted utilizing the WVWAand WSSC utilitiesillustratingthe applicability of

the model to cuent utility practice. An existing WSSC condition model score was also used to
compare the resultant fuzzy inference performance output value. Lastly, the evgluatiess
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successfully compared the modulus of ruptureodatory test results to the pdected
performance value

Overall, he evaluatiorprocess proved thahe developd fuzzy inferenceperformance index
providesa user friendly prediction model in which utilitiean confidently apply to their own

water infrastructure systenin order o validate the model, a much more thorough lab analysis
evaluating the various pipe material types, differing performance levels and testing methods
needs to be established. The main limitatadnusing aperformance modeéxiss in the
reliability of the input data If the input data going into the model is ssdtisfactory, the
capability of successful model predictability goes down.

Furthermore, aMarkov chain based deterioration moads presentethat provideda method

usedin characterizing the @rall lifetime of a water main through deterioration curv@he
deterioration curves are not based on time dependent data, but rather a Markov chain
methodology coupled with a ndimear optimization technique. Specifically, the performance
index resuls calculated by the fuzzy inference model were grouped in subsetegredsion
analysis was performed to determine the relationship between the performance rating and age.
The estimation of the transition probabilities were then determined by minintiwrgum of the
absolute difference between the expected values forecasted by regression analysis and the
theoretical value determined by the Markov chain modéh conclusion these deterioration

curve assessmentsn beessential in gaugingnd predidhg the futureperformanceof various

subsets ofinderground systems.

Overall a fuzzy inference performance modehd Markov basedeterioration curves were
successfully developed to aid in evaluation of cunrent drinkingwater infrastructure systems

The combination of the fuzzy inference performance model and the Markov chain based
deterioration modelcan be utilized to help utilities estimatbe overall lifetime oftheir
infrastructure In addition,these modelsan be incorporated with an inftaucture management

plan to help prioritize the future inspectiand R,R&Rof water mains.

6.2 Limitations

Highlighted below are the limitations of the developed fuzzy inference performamae and
the Markov chain basedketerioration model.

1 The model ca only predict the performance of metallic pipelines.

Theparameters considerade limitedto therange of data available.

1 The performance model can only predict the overall performance as good as the
reliability of input data going into the model.
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The way data or parameters are characterized may vary from utility to another.
Critical parameters, pertaining to thality geographic locatiors not taken into
consideration An example is tidal influences in coastal areas.

The performance model does nonsider parameters owing to internal corrosion.

The performance model @eveloped only for nescalingdrinking water.

Qualitative parameters force whole numbers in the fuzzy inference methodoldgy
therefore provide limited variability ithe output.

Similar input valuesin the fuzzy inference modedcquired throughout the infrastructure
system cannot predict output variability.

All parameters must be given an input value, even if the parameter value is not known.
The fuzzy inference modé not caphble oflearring with time.

The fuzzy inference performance modeh only predict theverallperformance based

on the relationship dhe parametersputs with their outputs whicis governed by
engineering knowledge.

The Markov deterioration curve dgpendent orthe performance rating predicted from
thefuzzy inference model; therefore, the reliability of the deterioration curve is only as
good as the data used to determine the performance rating.

The Markov deterioration curves are not based on timperdient data.

Deterioration curves are gerned by the number of pigections withira particular
definedsubset.

Deterioration curves are only an estimation of a defined subset and may not resemble
each pipe sectioexactlydue to varying installation ntieods and other inhibiting factors
which play a role in the pipe performance.
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7 Future Recommendations

The main focus of this research was to develop a fuzzy inference performance index and a
deterioration prediction model that can be utilized for fupipeline asset management. Further
evaluation and validation of the developed models will lead to advanced performance and
deterioration estimation. Although there are limitationshi®®developed model, this research
has laid a ground foundation and Ipas’ed the way for future advanced models and validation.

Currently, the developed performance index is for metallic pipelines only, which inclu@4, DI,
steel/galvanized steel andpper pipénes. However, other material typsgch as PCCP, AC,

PVC andPE are also installed and are functioningimday 6 s cur r elnfuture nf r ast
development modelsyery material typeshould be considered

One of the limitations of the current developed masléhe number andomplexity ofthe input
parametes considered Specifically, the parameters in this research were limited to a range of
data available. Effects of critical parameters, such as tidal influences in coastal areas, were not
investigated due to the lack of variability in the utility datasefsch was relied on for the
development of this model. The way data and/or parameters are characterized varies between
utilities and this variability creates limitations while considering these parameters.

A natiorwide standardized database shohb&destblished prior to the development fofture
models. This national standardized databaeald aid researcherso better understand water
pipeline performance in several ways.detail, the databasgould advance the knowledge of
pipeline performance datggregation from multiple data sourcésis database would not only
be helpful to standardize and accumulate the performance parameters froos wasit@r
utilities, but also couldbe utilized to acquire valuable data from otbeatial datasets such asls
properties, water tad) loading, geology andnd coverThis national databaseould be used to
analyze and visualize the accumulated data for furthproving the understanding of the state
of buried water pipeline infrastructure, its failure ratdee general effectiveness of corrosion
control measures and other key paramdtarthe development of future models

Eventually, with enough data accumulation, the limitations produced byatte df time
dependent data coulde minimized. The actuaime dependent data can begaiced from
different sources antthe gags in the data can be filled layalyzing the standardized datather.

This time dependent data analysis widid in defining additional parameters and the
incorporation of more detaileparametergor future modelsin addition an internal corromn
module shoulde included and specific parameter ranges promoting internal corrosion shall be
incorporated Specifically, he time dependent data pertaining to external and internal @orrosi
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shall be used to define additional parameters for future models. Moreover, the effectiveness of
the coatings uskfor corrosion mitigation shoulde investigated with time dependent data.

Parameters alreadyowsidered for this research shoub@ augmemd by quantifying the
gualitative parametersSpecifically, he qualitative parameters in this research frafole
numbers in the fuzzy inference methodology and therefore piblildted variability in the
output.By quantifying these parameters, tlesalution of the models woulblvancewvhich will
improve the overalloutput performance predictions. Any additional parameters considered for
future models shall be quantified as well to overcome this limitation.

The current model is verdd and validaté to some extento document the accuracy and
correctness of the model. Future models shall incorporgievedand standardized procedures

to verify and validatehe proposed modelhe future evaluation efforts shouletly on more
enhancedlaboratory tsts to establish the estimation of the condition of the aged pipes.
Furthermore, the future models shall be evaluated by testing pipes in all ranges of the
performance index and varying pipe material types.

Although the current research develos®lecteddeterioration prediobn curves utilizing the
Markov chain process, these curves sholdd significantly improved for practical use. The
categorization of the pipem subgroups inwhich this research created the deterioration models
shall befurtherinvestigated and improved. Geh mathematical techniques shoblkelconsidered

that might be more suitabfer the nature of the problem and the datasets used to develop future
models. These future dei@mation prediction curves should alke verified and vadlated for aid

in developing a future asset management.plan

Finally, the future models shoutmbntain some elemengsding to the utilitiesdecision support
system for prioritizing future inspection andR,R&R. The performare prediction model
developed inthis research can be used for network level decision support for drinking water
utilities, but itdoes not provida decision supporsystemfor prioritizing inspection an®R,R&R.
Future moels shall improve by operatingh@ lower level asset managemaetdcision support
systemsuchas through project selection project levelsOverall, developednodelsoperating

in theselower levels will provideprioritization of inspection and R,R&Ry their nature. Several
modules of prioritization or optimization adules caralso be added to the future models to
acquire these goals.
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Table A1 Utility Questionnaire

Current Integrity

ss| Internal Condit

|

External Corrosion| External Str

Performance

Significance of the Parameter in Determining Current Pipe Performance based on the Kodelss

Age 1 2 3 4 5
Design Life 1 2 3 4 5
Vintage 1 2 3 4 5
Rehab (Lining) 1 2 3 4 5
Structural Condition
Hazen Williams C Factor 1 2 3 4 5
Remaining Thickness 1 2 3 4 5
Tuberculation 1 2 3 4 5
Leak 1 2 3 4 5
Pipe Break 1 2 3 4 5
Break <5 Years Ago 1 2 3 4 5
Defect Type 1 2 3 4 5
RehabType 1 2 3 4 5
£ | Pressure Class Exceede( 1 2 3 4 5
Pressure Surges 1 2 3 4 5
Adequate Fire Flow 1 2 3 4 5
Pressure Complaints 1 2 3 4 5
Discolored Water 1 2 3 4 5

|

Integrity, Internal Condition, External Stress and External CorrosiofCircle One)
(1) Least Importance; (2) Less Importance; (3) Moderate Importance;

(4) Importance; (5) Most Importance
Life Expectancy

External Stress

Disturbance 1 2 3 4 5
Flooding 1 2 3 4 5
Live Load 1 2 3 4 5
Material Type 1 2 3 4 5

External Corrosio

Dissimilar Metals 1 2 3 4 5
Cathodic Protection 1 2 3 4 5
Stray Currents 1 2 3 4 5
Soil Corrosivity 1 2 3 4 5
Coating 1 2 3 4 5
Overall Performance
Current Integrity 1 2 3 4 5
Internal Condition 1 2 3 4 5
External Stress 1 2 3 4 5
External Corrosion 1 2 3 4 5
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Appendix B: Fuzzy Inference Input & Output Membership Functions
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Appendix C: Fuzzy Inference If/Then Rule Statemets
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Table C1 Fuzzy Inferenc&xpectancy Moduléf/Then Rule Statements

1|If | Ageis | Very Young | and| Design Lifeis | Very Inferior and | Rehab (Lining) is | Yes | then | Expectancy is | Very High
2| If | Ageis | Very Young | and| Design Lifeis | Inferior and | Rehab (Lining)$ | Yes | then | Expectancy is | Very High
3| If | Ageis | Very Young | and| Design Life is | Moderate and | Rehab (Lining) is | Yes | then | Expectancy is | Very High
4| If | Ageis | Very Young | and| Design Life is | Superior and | Rehab (Lining) is | Yes | then | Expectancy is | Very High
5| If | Ageis | Very Young | and| Design Life is | Very Superior | and | Rehab (Lining) is | Yes | then | Expectancy is | Very High
6 | If | Ageis | Young and | Design Life is | Very Inferior and | Rehab (Lining) is | Yes | then | Expectancy is | Very High
7| If | Ageis | Young and | Design Life is | Inferior and | Rehab (Lining) is | Yes | then | Expectancy is | Very High
8 | If | Ageis | Young and | Design Life is | Moderate and | Rehab (Lining) is | Yes | then | Expectancy is | Very High
9| If | Ageis | Young and | Design Life is | Superior and | Rehab (Lining) is | Yes | then | Expectancy is | Very High
10| If | Ageis | Young and | Design Life is | Very Superior | and | Rehab (Lining) is | Yes | then | Expectancy is | Very High
11| If | Ageis | Middle Aged | and | Design Life is | Very Inferior and | Rehab (Lining) is | Yes | then | Expectancy is | Very High
12 | If | Ageis | Middle Aged | ard | Design Life is | Inferior and | Rehab (Lining) is | Yes | then | Expectancy is | Very High
13| If | Ageis | Middle Aged | and | Design Life is | Moderate and | Rehab (Lining) is | Yes | then | Expectancy is | Very High
14 | If | Ageis | Middle Aged | and | Design Life is | Superior and | Rehab (lining) is | Yes | then | Expectancy is | Very High
15| If | Ageis | Middle Aged | and | Design Life is | Very Superior | and | Rehab (Lining) is | Yes | then | Expectancy is | Very High
16| If | Ageis | Old and | Design Life is | Very Inferior and | Rehab (Lining) is | Yes | then | Expectancy is | Very High
17 | If | Ageis | Old and | Design Life is | Inferior and | Rehab (Lining) is | Yes | then | Expectancy is | Very High
18| If | Ageis | Old and | Design Life is | Moderate and | Rehab (Lining) is | Yes | then | Expectancy is | Very High
19| If | Ageis | Old and | Design Life is | Superior and | Rehab (Lining) is | Yes | then | Expectancy is | Very High
20| If | Ageis | Old and | Design Life is | Very Superior | and| Rehab (Lining) is | Yes | then | Expectancy is | Very High
21| If | Ageis | Very Old and | Design Life is | Very Inferior and | Rehab (Lining) is | Yes | then | Expectangis | Very High
22 | If | Ageis | Very Old and | Design Life is | Inferior and | Rehab (Lining) is | Yes | then | Expectancy is | Very High
23| If | Ageis | Very Old and | Design Life is | Moderate and | Rehab (Lining) is | Yes | then | Expectancy is | Very High
24 | If | Ageis | Very Old and | Design Life is | Superior and | Rehab (Lining) is | Yes | then | Expectancy is | Very High
25| If | Ageis | Very Old and | Design Life is | Very Superior | and| Rehab (Lining) is | Yes | then | Expectancy is | Very High
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Table C1 Fuzzy Inferencé&xpectancy Moduldf/Then Rule StatementSont.

26 | If | Ageis | Very Young | and| Design Life is | Very Inferior and | Rehab (Lining) is | No | then | Expectancy is | Moderate
27 | If | Ageis | Very Young | and| Design Life is | Inferior and | Rehab (Lining) is | No | then | Expectancy is | High
28 | If | Ageis | Very Young | and| Design lifeis | Moderate and | Rehab (Lining) is | No | then | Expectancy is | Very High
29 | If | Ageis | Very Young | and| Design Life is | Superior and | Rehab (Lining) is | No | then | Expectancy is | Very High
30| If | Ageis | Very Young | and| Design Life is | Very Superior | and | Rehab (Lining) is | No | then | Expectancy is | Very High
31| If | Ageis | Young and | Design Life is | Very Inferior and | Rehab (Lining) is | No | then | Expectancy is | Low
32| If | Ageis | Young and | Design Life is | Inferior and | Rehab (Lining) is | No | then | Expectancy is | Moderate
33| If | Ageis | Young and | Design Life is | Moderate and | Rehab (Lining) is | No | then | Expectancy is | High
34| If | Ageis | Young and | Design Life is | Superior and | Rehab (Lining) is | No | then | Expectancy is | Very High
35| If | Ageis | Young and | Design Life is | Very Superior | and | Rehab (Lining) is | No | then | Expectancy is | Very High
36| If | Ageis | Middle Aged | and | Design Life is | Very Inferior and | Rehab (Lining) is | No | then | Expectancy is | Very Low
37| If | Ageis | Middle Aged | and| Design Life is | Inferior and | Rehab (Lining) is | No | then | Expectancy is | Low
38| If | Ageis | Middle Aged | and | Design Life is | Moderate and | Rehab (Lining) is | No | then | Expectancy is | Moderate
39| If | Ageis | Middle Aged | and | Design Life is | Superior and | Rehab (Lining) is | No | then | Expectancy is | High
40 | If | Ageis | Middle Aged | and| Design Life is | Very Superior | and | Rehab (Lining) is | No | then | Expectancy is | Very High
41 | If | Ageis | Old and | Design Life is | Very Inferior and | Rehab (Lining) is | No | then | Expectancy is | Very Low
42 | If | Ageis | Old and | Design Life is | Inferior and | Rehab (Lining) is | No | then | Expectancy is | Very Low
43 | If | Ageis | Old and | Design Life is | Moderate and | Rehab (Lining) is | No | then | Expectancy is | Low
44 | If | Ageis | Old and | Design Life is | Superior and | Rehab (Lining) is | No | then | Expectancy is | Moderate
45| 1f | Ageis | Old and | Design Life is | Very Superior | and | Rehab (ining) is | No | then | Expectancy is | High
46 | If | Ageis | Very Old and | Design Life is | Very Inferior and | Rehab (Lining) is | No | then | Expectancy is | Very Low
47 | If | Ageis | Very Old and | Design Life is | Inferior and | Rehab (Lining) is | No | then | Expectancy is | Very Low
48 | If | Ageis | Very Old and | Design Life is | Moderate and | Rehab (Lining) is | No | then | Expectancy is | Very Low
49 | If | Ageis | Very Old and | Design Life is | Superior and | Rehab (Lining) is | No | then | Expectancy is | Low
50 | If | Ageis | Very Old and | Design Life is | Very Superior | and | Rehab (Lining) is | No | then | Expectancy is | Moderate
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Table C2 Fuzzy Inferencé&tructural Condition Modul&/Then Rule Statements

1|If | HWCFis | VeryLow |and|RTis | VeryLow |and| Tis | None and | Leakis | Yes| then| SCis | Very Poor
2|If | HWCFis | VeryLow |and| RTis | VeryLow |and| Tis | Light and | Leakis | Yes|then| SCis | Very Poor
3|1f | HWCFis | VeryLow |and| RTis | VerylLow |and| Tis | Moderate| and| Leakis | Yes | then| SCis | Very Poor
4| I1f | HWCFis | VeryLow |and| RTis | VeryLow |and| Tis | Heavy and | Leakis | Yes | then| SCis | Very Poor
5|If | HWCFis | VeryLow |and| RTis | VeryLow |and| Tis | Extreme | and | Leakis | Yes| then| SCis | Very Poor
6|If | HWCFis | VerylLow | and| RTis | Low and | Tis | None and | Leakis | Yes | then| SCis | Very Poor
7|1f | HWCFis | VeryLow |and| RTis | Low and | Tis | Light and | Leakis | Yes | then | SCis | Very Poor
8| If | HWCFis | VeryLow |and| RTis | Low and | Tis | Moderate| and | Leakis | Yes | then| SCis | Very Poor
9|If | HWCFis | VeryLow |and| RTis | Low and | Tis | Heavy and | Leakis | Yes|then| SCis | Very Poor
10| If | HWCFis | VeryLow | and | RTis | Low and | Tis | Extreme | and | Leakis | Yes| then| SCis | Very Poor
11| If | HWCFis | VeryLow | and | RTis | Moderate | and| Tis | None and | Leakis | Yes| then| SCis | Very Poor
12 | If | HWCFis | VeryLow | and| RTis | Moderate | and| Tis | Light and | Leakis | Yes|then| SCis | Very Poor
13| If | HWCFis | VeryLow | and| RTis | Moderate | and| Tis | Moderate| and | Leakis | Yes | then| SCis | Very Poor
14 | If | HWCFis | VerylLow |and| RTis | Moderate |and| Tis | Heavy |and| Leakis | Yes|then| SCis | Very Poor
15| If | HWCFis | VeryLow | and| RTis | Moderate | and| Tis | Extreme | and | Leakis | Yes| then| SCis | Very Poor
16 | If | HWCFis | VeryLow | and | RTis | High and | Tis | None and | Leakis | Yes | then| SCis | Very Poor
17 | If | HWCFis | Very Low | and | RTis | High and | Tis | Light and | Leakis | Yes | then | SCis | Very Poor
18 | If | HWCFis | VeryLow | and | RTis | High and | Tis | Moderate| and | Leakis | Yes | then| SCis | Very Poor
19| If | HWCFis | Very Low | and | RTis | High and | Tis | Heavy |and| Leakis | Yes|then| SCis | Very Poor
20| If | HWCFis | VeryLow | and | RTis | High and | Tis | Extreme | and | Leakis | Yes| then| SCis | Very Poor
21| If | HWCFis | VeryLow | and| RTis | VeryHigh | and | Tis | None and | Leakis | Yes| then| SCis | Very Poor
22| 1f | HWCFis | VeryLow | and | RTis | VeryHigh | and| Tis | Light and | Leakis | Yes| then| SCis | Very Poor
23| If | HWCFis | VeryLow |and | RTis | VeryHigh | and| Tis | Moderate| and | Leakis | Yes| then| SCis | Very Poor
24| If | HWCFis | VeryLow | and| RTis | VeryHigh | and | Tis | Heavy and | Leakis | Yes| then| SCis | Very Poor
25| 1f | HWCFis | VeryLow | and | RTis | VeryHigh | and | Tis | Extreme | and | Leakis | Yes | then | SCis | Very Poor
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26| If | HWCFis | Low and | RTis | VeryLow |and| Tis | None and | Leakis | Yes| then| SCis | Very Poor
27| If | HWCFis | Low and | RTis | VeryLow |and| Tis | Light and | Leakis | Yes | then| SCis | Very Poor
28 | If | HWCFis | Low and | RTis | VeryLow |and| Tis | Moderate| and | Leakis | Yes| then| SCis | Very Poor
29| If | HWCFis | Low and | RTis | Verylow |and| Tis | Heavy and | Leakis | Yes| then| SCis | Very Poor
30| If | HWCFis | Low and | RTis | VeryLow |and|Tis | Extreme | and| Leakis | Yes|then| SCis | Very Poor
31| If | HWCFis | Low and | RTis | Low and | Tis | None and | Leakis | Yes|then| SCis | Very Poor
32| If | HWCFis | Low and | RTis | Low and | Tis | Light and | Leakis | Yes| then| SCis | Very Poor
33| If | HWCFis | Low and | RTis | Low and | Tis | Moderate| and | Leakis | Yes|then| SCis | Very Poor
34| If | HWCFis | Low and | RTis | Low and | Tis | Heavy and | Leakis | Yes|then| SCis | Very Poor
35| If | HWCFis | Low and | RTis | Low and | Tis | Extreme | and | Leakis | Yes|then| SCis | Very Poor
36| If | HWCFis | Low and | RTis | Moderde | and| Tis | None and | Leakis | Yes|then| SCis | Very Poor
37| If | HWCFis | Low and | RTis | Moderate | and| Tis | Light and | Leakis | Yes| then| SCis | Very Poor
38| If | HWCFis | Low and | RTis | Moderate | and| Tis | Moderate| and | Leakis | Yes| then| SCis | Very Poor
39| If | HWCFis | Low and | RTis | Moderate |and| Tis | Heavy | and| Leakis | Yes| then| SCis | Very Poor
40 | If | HWCFis | Low and | RTis | Moderate | and| Tis | Extreme | and | Leakis | Yes| then| SCis | Very Poor
41 | If | HWCFis | Low and | RT is | High and | Tis | None and | Leakis | Yes|then| SCis | Very Poor
42| If | HWCFis | Low and | RTis | High and | Tis | Light and | Leakis | Yes|then| SCis | Very Poor
43 | If | HWCFis | Low and | RTis | High and | Tis | Moderate| and | Leakis | Yes|then| SCis | Very Poor
44 | If | HWCFis | Low and | RTis | High and | Tis | Heavy | and| Leakis | Yes|then| SCis | Very Poor
45| If | HWCFis | Low and | RTis | High and | Tis | Extreme | and | Leakis | Yes|then| SCis | Very Poor
46 | If | HWCFis | Low and | RTis | VeryHigh | and| Tis | None and | Leakis | Yes|then| SCis | Very Poor
47 | If | HWCFis | Low and | RTis | VeryHigh | and | Tis | Light and | Leakis | Yes|then| SCis | Very Poor
48 | If | HWCFis | Low and | RTis | VeryHigh | and| Tis | Moderate| and | Leakis | Yes| then| SCis | Very Poor
49 | If | HWCFis | Low and | RTis | VeryHigh | and | Tis | Heavy and | Leakis | Yes| then| SCis | Very Poor
50| If | HWCFis | Low and | RTis | VeryHigh | and | Tis | Extreme | and | Leakis | Yes | then | SCis | Very Poor
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51| If | HWCFis | Moderate| and | RTis | VeryLow |and| Tis | None and | Leakis | Yes|then| SCis | Very Poor
52 | If | HWCFis | Moderate| and | RTis | VeryLow |and| Tis | Light and | Leakis | Yes| then| SCis | Very Poor
53| If | HWCFis | Moderate| and | RTis | VeryLow | and| Tis | Moderate| and | Leakis | Yes| then| SCis | Very Poor
54 | If | HWCFis | Moderate| and | RTis | VeryLow |and| Tis | Heavy | and| Leakis | Yes| then| SCis | Very Poor
55| If | HWCFis | Moderate| and | RTis | VeryLow |and| Tis | Extreme | and | Leakis | Yes| then| SCis | Very Poor
56 | If | HWCF is | Moderate| and | RTis | Low and | Tis | None and | Leakis | Yes|then| SCis | Very Poor
57 | If | HWCFis | Moderate| and | RT is | Low and | Tis | Light and | Leakis | Yes| then| SCis | Very Poor
58| If | HWCFis | Moderate| and | RT is | Low and | Tis | Moderate| and | Leakis | Yes| then| SCis | Very Poor
59 | If | HWCFis | Moderate| and | RT is | Low and | Tis | Heawy and | Leakis | Yes| then| SCis | Very Poor
60 | If | HWCFis | Moderate| and | RTis | Low and | Tis | Extreme | and | Leakis | Yes| then| SCis | Very Poor
61| If | HWCFis | Moderate| and | RTis | Moderate | and | Tis | None and | Leakis | Yes|then| SCis | Very Poor
62 | If | HWCFis | Moderate| and | RTis | Moderate | and| Tis | Light and | Leakis | Yes| then| SCis | Very Poor
63| If | HWCFis | Moderate| and | RTis | Moderate | and| Tis | Moderate| and | Leakis | Yes| then| SCis | Very Poor
64 | If | HWCFis | Moderate| and | RTis | Moderate | and | Tis | Heavy and | Leakis | Yes| then| SCis | Very Poor
65| If | HWCFis | Moderate| and | RTis | Moderate | and| Tis | Extreme | and | Leakis | Yes| then| SCis | Very Poor
66 | If | HWCF is | Moderate| and | RTis | High and | Tis | None and | Leakis | Yes|then| SCis | Very Poor
67 | If | HWCFis | Moderate| and | RT is | High and | Tis | Light and | Leakis | Yes | then| SCis | Very Poor
68| If | HWCF is | Moderate| and | RTis | High and | Tis | Moderate| and | Leakis | Yes | then| SCis | Very Poor
69 | If | HWCFis | Moderate| and | RT is | High and | Tis | Heavy and | Leakis | Yes| then| SCis | Very Poor
70 | If | HWCFis | Moderate| and | RT is | High and | Tis | Extreme | and | Leakis | Yes| then| SCis | Very Poor
71| If | HWCFis | Moderate| and | RTis | VeryHigh | and| Tis | None and | Leakis | Yes| then| SCis | Very Poor
72| If | HWCFis | Moderate| and | RTis | VeryHigh | and| Tis | Light and | Leakis | Yes| then| SCis | Very Poor
73| If | HWCFis | Moderate | and | RTis | Very High | and | Tis | Moderate| and | Leakis | Yes | then| SCis | Very Poor
74 | If | HWCFis | Moderate| and | RTis | VeryHigh |and | Tis | Heavy | and| Leakis | Yes|then| SCis | Very Poor
75| If | HWCFis | Moderate| and | RTis | VeryHigh | and| Tis | Extreme | and | Leakis | Yes| then| SCis | Very Poor
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76 | If | HWCFis | High and | RTis | VeryLow |and| Tis | None and | Leakis | Yes|then| SCis | Very Poor
77 | If | HWCFis | High and | RTis | VeryLow |and| Tis | Light and | Leakis | Yes| then| SCis | Very Poor
78 | If | HWCFis | High and | RTis | Verylow |and| Tis | Moderate| and | Leakis | Yes|then| SCis | Very Poor
79| If | HWCFis | High and | RTis | Verylow |and| Tis |Heavy | and]| Leakis | Yes|then| SCis | Very Poor
80 | If | HWCFis | High and | RTis | Verylow |and|Tis | Extreme | and | Leakis | Yes|then| SCis | Very Poor
81| If | HWCFis | High and | RTis | Low and | Tis | None and | Leakis | Yes|then| SCis | Very Poor
82 | If | HWCFis | High and | RTis | Low and | Tis | Light and | Leakis | Yes| then| SCis | Very Poor
83| If | HWCFis | High and | RTis | Low and | Tis | Moderate| and | Leakis | Yes | then| SCis | Very Poor
84 | If | HWCFis | High and | RTis | Low and | Tis | Heavy and | Leakis | Yes| then| SCis | Very Poor
85 | If | HWCFis | High and | RTis | Low and | Tis | Extreme | and | Leakis | Yes|then| SCis | Very Poor
86 | If | HWCF is | High and | RTis | Moderate | and| Tis | None and | Leakis | Yes|then| SCis | Very Poor
87 | If | HWCFis | High and | RTis | Moderate | and| Tis | Light and | Leakis | Yes| then| SCis | Very Poor
88 | If | HWCF is | High and | RTis | Moderate | and| Tis | Moderate| and | Leakis | Yes| then| SCis | Very Poor
89 | If | HWCFis | High and | RTis | Moderate | and | Tis | Heavy and | Leakis | Yes| then| SCis | Very Poor
90 | If | HWCF is | High and | RTis | Moderate | and | Tis | Extreme | and | Leakis | Yes | then| SCis | Very Poor
91| If | HWCFis | High and | RTis | High and | Tis | None and | Leakis | Yes|then| SCis | Very Poor
92 | If | HWCFis | High and | RTis | High and | Tis | Light and | Leakis | Yes| then| SCis | Very Poor
93| If | HWCFis | High and | RTis | High and | Tis | Moderate| and | Leakis | Yes| then| SCis | Very Poor
94 | If | HWCFis | High and | RTis | High and | Tis | Heavy and | Leakis | Yes| then| SCis | Very Poor
95| If | HWCFis | High and | RTis | High and | Tis | Extreme | and | Leakis | Yes | then| SCis | Very Poor
96 | If | HWCFis | High and | RTis | VeryHigh | and | Tis | None and | Leakis | Yes| then| SCis | Very Poor
97 | If | HWCFis | High and | RTis | VeryHigh |and| Tis | Light and | Leakis | Yes| then| SCis | Very Poor
98 | If | HWCFis | High and | RTis | VeryHigh | and| Tis | Moderate| and | Leakis | Yes| then| SCis | Very Poor
99 | If | HWCFis | High and | RTis | VeryHigh | and | Tis | Heavy | and| Leakis | Yes|then| SCis | Very Poor
100 | If | HWCFis | High and | RTis | VeryHigh | and| Tis | Extreme | and | Leakis | Yes| then| SCis | Very Poor
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101 | If | HWCFis | VeryHigh |and | RTis | VerylLow |and| Tis | None and | Leakis | Yes | then| SCis | Very Poor
102 | If | HWCFis | VeryHigh | and | RTis | Verylow |and| Tis | Light and | Leakis | Yes| then | SCis | Very Poor
103 | If | HWCFis | VeryHigh | and | RTis | Verylow |and| Tis | Moderate| and | Leakis | Yes | then | SCis | Very Poor
104 | If | HWCFis | VeryHigh |and | RTis | VeryLow |and| Tis |Heavy | and| Leakis | Yes|then| SCis | Very Poor
105 | If | HWCFis | VeryHigh | and | RTis | Verylow |and| Tis | Extreme | and | Leakis | Yes|then | SCis | Very Poor
106 | If | HWCFis | VeryHigh | and | RTis | Low and | Tis | None and | Leakis | Yes| then| SCis | Very Poor
107 | If | HWCFis | Very High | and | RTis | Low and | Tis | Light and | Leakis | Yes| then| SCis | Very Poor
108 | If | HWCFis | VeryHigh | and | RTis | Low and | Tis | Moderate| and | Leakis | Yes| then | SCis | Very Poor
109 | If | HWCFis | Very High | and | RTis | Low and | Tis | Heavy and | Leakis | Yes| then| SCis | Very Poor
110 | If | HWCFis | Very High | and | RTis | Low and | Tis | Extreme | and | Leakis | Yes|then| SCis | Very Poor
111 | If | HWCFis | VeryHigh |and | RTis | Moderate | and| Tis | None and | Leakis | Yes| then| SCis | Very Poor
112 | If | HWCFis | VeryHigh | and | RTis | Moderate | and | Tis | Light and | Leakis | Yes| then| SCis | Very Poor
113 | If | HWCFis | Very High | and | RTis | Modemte | and| Tis | Moderate| and | Leakis | Yes| then | SCis | Very Poor
114 | If | HWCFis | VeryHigh | and | RTis | Moderate | and | Tis | Heavy and | Leakis | Yes| then| SCis | Very Poor
115 | If | HWCFis | VeryHigh | and | RTis | Moderate | and| Tis | Extreme | and | Leakis | Yes| then | SCis | Very Poor
116 | If | HWCFis | VeryHigh | and | RTis | High and | Tis | None and | Leakis | Yes| then| SCis | Very Poor
117 | If | HWCFis | Very High | and | RTis | High and | Tis | Light and | Leakis | Yes| then| SCis | Very Poor
118 | If | HWCFis | Very High | and | RTis | High and | Tis | Moderate| and | Leakis | Yes| then| SCis | Very Poor
119 | If | HWCFis | Very High | and | RTis | High and | Tis | Heavy and | Leakis | Yes| then| SCis | Very Poor
120 | If | HWCFis | VeryHigh | and | RTis | High and | Tis | Extreme | and | Leakis | Yes|then| SCis | Very Poor
121 | If | HWCFis | VeryHigh | and | RTis | VeryHigh | and| Tis | None and | Leakis | Yes| then| SCis | Very Poor
122 | If | HWCFis | VeryHigh | and | RTis | VeryHigh | and | Tis | Light and | Leakis | Yes| then| SCis | Very Poor
123 | If | HWCFis | VeryHigh |and | RTis | VeryHigh | and| Tis | Moderate| and | Leakis | Yes| then | SCis | Very Poor
124 | If | HWCFis | VeryHigh | and | RTis | VeryHigh |and | Tis | Heavy | and| Leakis | Yes|then | SCis | Very Poor
125 | If | HWCFis | VeryHigh |and | RTis | VeryHigh | and| Tis | Extreme | and | Leakis | Yes| then | SCis | Very Poor
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126 | If | HWCFis | Verylow |and| RTis | VeryLow |and| Tis | None and | Leakis | No | then | SCis | Very Poor

127 | If | HWCFis | VeryLow |and| RTis | VeryLow |and| Tis | Light and | Leakis | No | then| SCis | Very Poor

128 | If | HWCFis | VeryLow |and| RTis | VeryLow | and| Tis | Moderate| and | Leakis | No | then| SCis | Very Poor

129 | If | HWCFis | Verylow |and| RTis | Verylow |and| Tis | Heavy | and| Leakis | No | then| SCis | Very Poor

130 | If | HWCFis | VeryLow |and| RTis | VeryLow |and| Tis | Extreme | and| Leakis | No | then| SCis | Very Poor

131 | If | HWCFis | VeryLow |and| RTis | Low and | Tis | None and | Leakis | No | then| SCis | Very Poor
132 | If | HWCFis | VerylLow | and| RTis | Low and | Tis | Light and | Leakis | No | then | SCis | Very Poor
133 | If | HWCFis | VerylLow |and| RTis | Low and | Tis | Moderate| and | Leakis | No | then| SCis | Very Poor
134 | If | HWCFis | VerylLow | and| RTis | Low and | Tis | Heavy and | Leakis | No | then| SCis | Very Poor
135| If | HWCFis | VerylLow | and| RTis | Low and | Tis | Extreme | and | Leakis | No | then| SCis | Very Poor

136 | If | HWCFis | Verylow | and| RTis | Moderate |and| Tis | None and | Leakis | No | then| SCis | Very Poor

137 | If | HWCFis | VeryLow | and| RTis | Moderate |and| Tis | Light and | Leakis | No | then| SCis | Very Poor

138 | If | HWCFis | Verylow | and| RTis | Moderate |and| Tis | Moderate| and | Leakis | No | then| SCis | Very Poor

139 | If | HWCFis | VeryLow | and| RTis | Moderate | and| Tis | Heavy and | Leakis | No | then| SCis | Very Poor

140 | If | HWCFis | Verylow | and| RTis | Moderate |and| Tis | Extreme | and | Leakis | No | then| SCis | Very Poor

141 | If | HWCFis | Very Low | and| RTis | High and | Tis | None and | Leakis | No | then| SCis | Very Poor
142 | If | HWCFis | VeryLow | and| RTis | High and | Tis | Light and | Leakis | No | then| SCis | Very Poor
143 | If | HWCFis | VeryLow | and| RTis | High and | Tis | Moderate| and | Leakis | No | then| SCis | Very Poor
144 | If | HWCFis | VeryLow | and| RTis | High and | Tis | Heavy and | Leakis | No | then| SCis | Very Poor
145 | If | HWCFis | VeryLow | and| RTis | High and | Tis | Extreme | and | Leakis | No | then| SCis | Very Poor

146 | If | HWCFis | VeryLow | and| RTis | VeryHigh | and| Tis | None and | Leakis | No | then| SCis | Very Poor

147 | If | HWCFis | VerylLow | and| RTis | VeryHigh |and| Tis | Light and | Leakis | No | then| SCis | Very Poor

148 | If | HWCFis | Verylow | and| RTis | VeryHigh | and| Tis | Moderate| and | Leakis | No | then| SCis | Very Poor

149 | If | HWCFis | VeryLow |and| RTis | VeryHigh | and| Tis | Heavy | and| Leakis | No | then| SCis | Very Poor

150 | If | HWCFis | VerylLow | and| RTis | VeryHigh |and| Tis | Extreme | and | Leakis | No | then| SCis | Very Poor
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151 | If | HWCFis | Low and| RTis | Verylow |and| Tis | None and | Leakis | No | then| SCis | Very Poor
152 | If | HWCFis | Low and| RTis | VeryLow |and| Tis | Light and | Leakis | No | then| SCis | Very Poor
153 | If | HWCFis | Low and | RTis | VeryLow |and| Tis | Moderate| and | Leakis | No | then| SCis | Very Poor
154 | If | HWCFis | Low and | RTis | Verylow |and| Tis | Heavy | and| Leakis | No | then| SCis | Very Poor
155 | If | HWCFis | Low and | RTis | VeryLow |and| Tis | Extreme | and | Leakis | No | then| SCis | Very Poor
156 | If | HWCFis | Low and | RTis | Low and| Tis | None and | Leakis | No | then| SCis Poor
157 | If | HWCFis | Low and | RTis | Low and | Tis | Light and | Leakis | No | then| SCis Poor
158 | If | HWCFis | Low and | RTis | Low and | Tis | Moderate| and | Leakis | No | then| SCis Poor
159 | If | HWCFis | Low and | RTis | Low and | Tis | Heavy and | Leakis | No | then| SCis Poor
160| If | HWCFis | Low and | RTis | Low and | Tis | Extreme | and | Leakis | No | then| SCis | Very Poor
161 | If | HWCFis | Low and | RTis | Moderate | and| Tis | None and | Leakis | No | then| SCis Poor
162 | If | HWCFis | Low and | RTis | Moderate | and| Tis | Light and | Leakis | No | then| SCis Poor
163 | If | HWCFis | Low and | RTis | Moderate | and| Tis | Moderate| and | Leakis | No | then| SCis Poor
164 | If | HWCFis | Low and| RTis | Moderate | and| Tis | Heavy and | Leakis | No | then| SCis Poor
165| If | HWCFis | Low and | RTis | Moderate | and| Tis | Extreme | and | Leakis | No | then| SCis | Very Poor
166 | If | HWCFis | Low and | RT is | High and| Tis | None and | Leakis | No | then| SCis Poor
167 | If | HWCFis | Low and | RT is | High and | Tis | Light and | Leakis | No | then| SCis Poor
168 | If | HWCFis | Low and | RTis | High and | Tis | Moderate| and | Leakis | No | then| SCis Poor
169 | If | HWCFis | Low and | RT is | High and | Tis | Heavy and | Leakis | No | then| SCis Poor
170| If | HWCFis | Low and | RTis | High and | Tis | Extreme | and | Leakis | No | then| SCis | Very Poor
171 | If | HWCFis | Low and | RTis | VeryHigh | and| Tis | None and | Leakis | No | then| SCis Poor
172 | If | HWCFis | Low and | RTis | VeryHigh | and| Tis | Light and | Leakis | No | then| SCis Poor
173 | If | HWCFis | Low and | RTis | VeryHigh | and| Tis | Modeate | and | Leakis | No | then| SCis Poor
174 | If | HWCFis | Low and | RTis | VeryHigh | and| Tis | Heavy and | Leakis | No | then| SCis Poor
175| If | HWCFis | Low and | RTis | VeryHigh | and| Tis | Extreme | and | Leakis | No | then| SCis | Very Poor
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176 | If | HWCF is | Moderate| and | RTis | VeryLow | and| Tis | None and | Leakis | No | then| SCis | Very Poor

177 | If | HWCFis | Moderate| and | RTis | VeryLow |and| Tis | Light and | Leakis | No | then| SCis | Very Poor

178 | If | HWCFis | Moderate| and | RTis | VeryLow |and| Tis | Moderate| and | Leakis | No | then | SCis | Very Poor

179 | If | HWCFis | Moderate| and | RTis | Verylow |and| Tis | Heavy | and| Leakis | No | then| SCis | Very Poor

180 | If | HWCFis | Moderate| and | RTis | VeryLow |and| Tis | Extreme | and | Leakis | No | then| SCis | Very Poor

181 | If | HWCFis | Moderate| and | RT is | Low and| Tis | None and | Leakis | No | then| SCis Poor
182 | If | HWCFis | Moderate| and | RT is | Low and | Tis | Light and | Leakis | No | then| SCis Poor
183 | If | HWCFis | Moderate| and | RT is | Low and | Tis | Moderate| and | Leakis | No | then| SCis Poor
184 | If | HWCFis | Moderate| and | RT is | Low and | Tis | Heavy and | Leakis | No | then| SCis Poor
185| If | HWCF is | Moderate| and | RT is | Low and | Tis | Extrene | and | Leakis | No | then| SCis | Very Poor
186 | If | HWCFis | Moderate| and | RT is | Moderate | and| Tis | None and | Leakis | No | then| SCis Fair
187 | If | HWCF is | Moderate| and | RT is | Moderate | and| Tis | Light and | Leakis | No | then| SCis Fair
188 | If | HWCFis | Moderate| and | RTis | Moderate | and | Tis | Moderate| and | Leakis | No | then| SCis Fair

189 | If | HWCFis | Moderate| and | RT is | Moderate | and| Tis | Heavy and | Leakis | No | then| SCis Poor

190 | If | HWCF is | Moderate| and | RTis | Moderate | and| Tis | Extreme | and | Leakis | No | then| SCis | Very Poor

191 | If | HWCFis | Moderate| and | RT is | High and| Tis | None and | Leakis | No | then| SCis Fair
192 | If | HWCFis | Moderate| and | RT is | High and | Tis | Light and | Leakis | No | then| SCis Fair
193 | If | HWCFis | Moderate| and | RT is | High and | Tis | Moderate| and | Leakis | No | then| SCis Fair
194 | If | HWCFis | Moderate| and | RT is | High and | Tis | Heavy and | Leakis | No | then| SCis Poor
195| If | HWCFis | Moderate| and | RT is | High and | Tis | Extreme | and | Leakis | No | then| SCis | Very Poor
196 | If | HWCF is | Moderate| and | RT is | Very High | and| Tis | None and | Leakis | No | then| SCis Fair
197 | If | HWCFis | Moderate| and | RT is | Very High | and | Tis | Light and | Leakis | No | then| SCis Fair
198 | If | HWCFis | Moderate| and | RT is | Very High | and | Tis | Moderate| and | Leakis | No | then| SCis Fair

199 | If | HWCFis | Moderate| and | RTis | VeryHigh | and| Tis | Heavy and | Leakis | No | then| SCis Poor

200 | If | HWCFis | Moderate| and | RTis | Very High |and| Tis | Extreme | and | Leakis | No | then| SCis | Very Poor
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201 | If | HWCFis | High and| RTis | Verylow |and| Tis | None and | Leakis | No | then | SCis | Very Poor
202 | If | HWCFis | High and| RTis | VeryLow |and| Tis | Light and | Leakis | No | then| SCis | Very Poor
203 | If | HWCFis | High and | RTis | Verylow |and| Tis | Moderate| and | Leakis | No | then | SCis | Very Poor
204 | If | HWCFis | High and | RTis | Verylow |and| Tis | Heavy | and| Leakis | No | then| SCis | Very Poor
205 | If | HWCFis | High and | RTis | Verylow |and| Tis | Extreme | and | Leakis | No | then| SCis | Very Poor
206 | If | HWCFis | High and | RTis | Low and| Tis | None and | Leakis | No | then| SCis Poor
207 | If | HWCFis | High and | RTis | Low and | Tis | Light and | Leakis | No | then| SCis Poor
208 | If | HWCFis | High and | RTis | Low and | Tis | Moderate| and | Leakis | No | then| SCis Poor
209 | If | HWCFis | High and | RTis | Low and | Tis | Heavy and | Leakis | No | then| SCis Poor
210 | If | HWCFis | High and | RTis | Low and | Tis | Extreme | and | Leakis | No | then| SCis | Very Poor
211 | If | HWCFis | High and | RTis | Moderate | and| Tis | None and | Leakis | No | then| SCis Fair
212 | If | HWCFis | High and | RTis | Moderate | and| Tis | Light and | Leakis | No | then| SCis Fair
213 | If | HWCFis | High and | RTis | Moderate | and| Tis | Moderate| and | Leakis | No | then| SCis Fair
214 | If | HWCFis | High and| RTis | Moderate | and| Tis | Heavy and | Leakis | No | then| SCis Poor
215| If | HWCFis | High and | RTis | Moderate | and | Tis | Extreme | and | Leakis | No | then | SCis | Very Poor
216 | If | HWCFis | High and | RT is | High and| Tis | None and | Leakis | No | then| SCis Good
217 | If | HWCFis | High and | RT is | High and | Tis | Light and | Leakis | No | then| SCis Good
218 | If | HWCFis | High and | RTis | High and | Tis | Moderate| and | Leakis | No | then| SCis Fair
219 | If | HWCFis | High and | RT is | High and | Tis | Heavy and | Leakis | No | then| SCis Poor
220 | If | HWCF is | High and | RT is | High and | Tis | Extreme | and | Leakis | No | then| SCis | Very Poor
221 | If | HWCFis | High and | RTis | VeryHigh | and| Tis | None and | Leakis | No | then| SCis Good
222 | If | HWCFis | High and | RTis | VeryHigh | and| Tis | Light and | Leakis | No | then| SCis Good
223 | If | HWCFis | High and | RTis | VeryHigh | and| Tis | Moderate| and | Leakis | No | then| SCis Fair
224 | If | HWCFis | High and | RTis | VeryHigh | and| Tis | Heavy and | Leakis | No | then| SCis Poor
225 | If | HWCFis | High and | RTis | VeryHigh | and| Tis | Extreme | and | Leakis | No | then| SCis | Very Poor
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Table C2 Fuzzy Inferencé&tructural Condition Moduld/Then Rule StatementSont.

226 | If | HWCFis | VeryHigh | and| RTis | VeryLow |and| Tis | None and | Leakis | No | then| SCis | Very Poor

227 | If | HWCFis | VeryHigh |and| RTis | VeryLow |and| Tis | Light and | Leakis | No | then| SCis | Very Poor

228 | If | HWCFis | VeryHigh | and | RTis | VeryLow |and| Tis | Moderate| and | Leakis | No | then | SCis | Very Poor

229| If | HWCFis | VeryHigh | and| RTis | Verylow |and| Tis | Heavy | and| Leakis | No |then| SCis | Very Poor

230 | If | HWCFis | VeryHigh | and| RTis | VeryLow |and| Tis | Extreme | and | Leakis | No | then| SCis | Very Poor

231 | If | HWCFis | VeryHigh | and| RTis | Low and| Tis | None and | Leakis | No | then| SCis Poor
232 | If | HWCFis | VeryHigh | and| RTis | Low and | Tis | Light and | Leakis | No | then| SCis Poa
233 | If | HWCFis | VeryHigh | and| RTis | Low and | Tis | Moderate| and | Leakis | No | then| SCis Poor
234 | If | HWCFis | VeryHigh | and| RTis | Low and | Tis | Heavy and | Leakis | No | then| SCis Poor
235| If | HWCFis | Very High | and| RTis | Low and | Tis | Extreme | and | Leakis | No | then| SCis | Very Poor
236 | If | HWCFis | VeryHigh | and| RTis | Moderate | and| Tis | None and | Leakis | No | then| SCis Fair
237 | If | HWCFis | VeryHigh | and| RTis | Moderate | and| Tis | Light and | Leakis | No | then| SCis Fair
238 | If | HWCFis | VeryHigh | and| RTis | Moderate |and| Tis | Moderae | and | Leakis | No | then| SCis Fair

239 | If | HWCFis | VeryHigh | and| RTis | Moderate | and| Tis | Heavy and | Leakis | No | then| SCis Poor

240| If | HWCFis | VeryHigh | and | RTis | Moderate |and| Tis | Extreme | and | Leakis | No | then| SCis | Very Poor

241 | If | HWCFis | VeryHigh | and| RTis | High and| Tis | None and | Leakis | No | then| SCis Good
242 | If | HWCFis | VeryHigh | and | RT s | High and | Tis | Light and | Leakis | No | then| SCis Good
243 | If | HWCFis | VeryHigh | and | RTis | High and | Tis | Moderate| and | Leakis | No | then| SCis Fair
244 | If | HWCFis | VeryHigh | and | RT is | High and | Tis | Heavy and | Leakis | No | then| SCis Poor
245 | If | HWCFis | Very High | and | RTis | High and | Tis | Extreme | and | Leakis | No | then| SCis | Very Poor
246 | If | HWCFis | VeryHigh |and| RTis | Very High | and | Tis | None and | Leakis | No | then| SCis | Excellent
247 | If | HWCFis | VeryHigh | and| RTis | VeryHigh | and| Tis | Light and | Leakis | No | then| SCis Good

248 | If | HWCFis | VeryHigh | and| RTis | VeryHigh | and | Tis | Moderate| and | Leakis | No | then| SCis Fair

249 | If | HWCFis | VeryHigh | and| RTis | VeryHigh | and| Tis | Heavy and | Leakis | No | then| SCis Poor

250| If | HWCFis | VeryHigh | and | RTis | VeryHigh | and| Tis | Extreme | and | Leakis | No | then| SCis | Very Poor

Hazen Williams C Factor (HWCF), Remaining Thickness (RT), Tuberculation (T) and Structural Condition (SC)
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Table C3 Fuzzy Inferenc®&reak RateModule If/Then Rule Statements

1 | If | PBreakis | Yes|and | B<5is | Yes|and | D Typeis | N/A and | R Typeis | N/A then | Break Rate is | N/A
2 |If | PBreakis | Yes| and | B<5is | Yes| and | D Typeis | N/A and | R Type is | Segment] then | Break Rate is | N/A
3 | If | PBreakis | Yes| and | B<5is | Yes| and | D Typeis | N/A and | R Type is | Section | then | Break Rate is | N/A
4 |If | PBreakis | Yes| and| B<5is | Yes| and | D Typeis | N/A and | R Type is | None then | Break Rate is | N/A
5 |If | PBreakis | Yes| and | B<5is | Yes| and | D Typeis | Mild and | R Typeis | N/A then | Break Ratés | N/A
6 |If | PBreakis | Yes| and | B<5is | Yes| and | D Typeis | Mild and | R Type is | Segment| then | Break Rate is | LOW
7 | If | PBreakis | Yes| and | B<5is | Yes| and | D Typeis | Mild and | R Type is | Section | then | Break Rate is | Moderate
8 | If | PBreakis | Yes| and | B<5is | Yes| and | D Typeis | Mild and | R Typeis | None | then | Break Rate is | Very High
9 |If | PBreakis | Yes| and | B<5is | Yes| and | D Typeis | Moderate| and | R Typeis | N/A then | Break Rate is | N/A
10 | If | P Breakis | Yes| and | B<5is | Yes| and | D Typeis | Moderate| and | R Type is | Segment] then | Break Ratds | Low
11 | If | PBreakis | Yes| and | B<5is | Yes| and | D Typeis | Moderate| and | R Type is | Section | then | Break Rate is | High
12 | If | PBreakis | Yes| and | B<5is | Yes| and | D Typeis | Moderate| and | R Type is | None then | Break Rate is | Very High
13| If | PBreakis | Yes| and | B<5is | Yes| and | D Typeis | Severe | and| R Typeis | N/A then | Break Rate is | N/A
14 | If | PBreakis | Yes| and | B<5is | Yes| and | D Typeis | Severe and | R Type is | Segment] then | Break Rate is | Low
15| If | P Breakis | Yes| and | B<5is | Yes| and | D Typeis | Severe | and| R Typeis | Section | then | Break Rate is | High
16 | If | P Breakis | Yes| and | B<5is | Yes| and | D Typeis | Severe | and| R Typeis | None then | Break Rate is | Very High
17| If | P Breakis | Yes| and | B<5is | Yes| and | D Typeis | Extreme | and | R Typeis | N/A then | Break Rate is | N/A
18 | If | P Breakis | Yes| and | B<5is | Yes| and | D Typeis | Extreme | and | R Typeis | Segment| then | Break Rate is | LOW
19 | If | PBreakis | Yes| and | B<5is | Yes| and | D Typeis | Extreme | and | R Typeis | Section | then | Break Rate is | Very High
20 | If | PBreakis | Yes| and | B<5is | Yes| and | D Typeis | Extreme | and | R Typeis | None then | Break Rate is | Very High
21| If | PBreakis | Yes| and | B<5is | No | and | D Typeis | N/A and | R Typeis | N/A then | Break Rate is | N/A
22 | If | PBreakis | Yes| and | B<5is | No | and | D Typeis | N/A and | R Type is | Segment] then | Break Rate is | N/A
23| If | PBreakis | Yes| and | B<5is | No | and | D Typeis | N/A and | R Type is | Section | then | Break Rate is | N/A
24 | If | PBreakis | Yes| and | B<5is | No | and| D Typeis | N/A and | R Typeis | None then | Break Rate is | N/A
25| If | PBreakis | Yes| and | B<5is | No | and | D Typeis | Mild and | R Typeis | N/A then | Break Rate is | N/A

Pipe Break (P Break), Break <5 Years Ago (B<5),
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Table C3 Fuzzy Inferenc@&reak Rate Moduléf/Then Rule StatementSont.

26 | If | PBreakis | Yes| and | B<5is | No | and | D Typeis | Mild and | R Type is | Segment| then | BreakRate is | Low
27 | If | PBreakis | Yes| and | B<5is | No | and| D Typeis | Mild and | R Type is | Section | then | Break Rate is | Low
28 | If | PBreakis | Yes| and | B<5is | No | and | D Typeis | Mild and | R Typeis | None | then | Break Rate is | High
29| If | PBreakis | Yes| and | B<5is | No | and | D Typeis | Moderate| and | R Typeis | N/A then | Break Rate is | N/A
30| If | PBreakis | Yes| and | B<5is | No | and | D Typeis | Moderate| and | R Type is | Segment| then | Break Rate is | Low
31| If | PBreakis | Yes| and | B<5is | No | and | D Typeis | Moderate| and | R Type is | Section | then | Break Rates | Low
32| If | PBreakis | Yes| and | B<5is | No | and | D Typeis | Moderate| and | R Type is | None then | Break Rate is | High
33| If | PBreakis | Yes| and | B<5is | No | and| D Typeis | Severe |and| R Typeis | N/A then | Break Rate is | N/A
34| If | PBreakis | Yes| and | B<5is | No | and | D Typeis | Severe and | R Type is | Segment| then | Break Rate is | Low
35| If | PBreakis | Yes| and | B<5is | No | and | D Typeis | Severe and | R Type is | Section | then | Break Rate is | Moderate
36| If | PBreakis | Yes| and | B<5is | No | and | D Typeis | Severe | and|R Typeis | None then | Break Rate is | Very High
37| If | PBreakis | Yes| and | B<5is | No | and| D Typeis | Extreme | and | R Typeis | N/A then | Break Rate is | N/A
38| If | PBreakis | Yes| and | B<5is | No | and| D Typeis | Extreme | and | R Typeis | Segment| then | Break Rate is | LOw
39| If | PBreakis | Yes| and | B<5is | No | and | D Typeis | Extreme | and | R Typeis | Section | then | Break Rate is | High
40| If | P Breakis | Yes| and | B<5is | No | and | D Typeis | Extreme | and | R Typeis | None | then | Break Rate is | Very High
41 | If | PBreakis | No | and | B<5is | Yes| and | D Typeis | N/A and | R Typeis | N/A then | Break Rate is | N/A
42 | If | PBreakis | No | and | B<5is | Yes| and | D Typeis | N/A and | R Type is | Segment] then | Break Rate is | N/A
43| If | PBreakis | No | and | B<5is | Yes| and | D Typeis | N/A and | R Type is | Section | then | Break Rate is | N/A
44 | If | P Breakis | No | and | B<5is | Yes| and | D Typeis | N/A and | R Typeis | None then | Break Rate is | N/A
45| If | P Breakis | No | and | B<5is | Yes| and | D Typeis | Mild and | R Typeis | N/A then | Break Rate is | N/A
46 | If | P Breakis | No | and | B<5is | Yes| and | D Typeis | Mild and | R Type is | Segment] then | Break Rate is | N/A
47 | If | P Breakis | No | and | B<5is | Yes| and | D Typeis | Mild and | R Type is | Section | then | Break Rate is | N/A
48 | If | PBreakis | No | and | B<5is | Yes| and | D Typeis | Mild and | R Type is | None then | Break Rate is | N/A
49| If | PBreakis | No | and| B<5is | Yes| and | D Typeis | Moderate| and | R Typeis | N/A then | Break Rate is | N/A
50| If | P Breakis | No | and | B<5is | Yes| and | D Typeis | Moderate| and | R Type is | Segment| then | Break Rate is | N/A
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51| If | PBreakis | No | and | B<5is | Yes| and | D Typeis | Moderate| and | R Type is | Section | then | Break Rate is | N/A
52| If | PBreakis | No| and | B<5is | Yes| and | D Typeis | Moderate| and | R Type is | None then | Break Rate is | N/A
53| If | PBreakis | No | and | B<5is | Yes|and | D Typeis | Severe | and|R Typeis | N/A then | Break Rate is | N/A
54 | If | PBreakis | No | and | B<5is | Yes|and | D Typeis | Severe | and|R Typeis | Segment then | Break Rate is | N/A
55| If | PBreakis | No | and | B<5is | Yes|and | D Typeis | Severe |and|R Typeis | Section | then | Break Rate is | N/A
56 | If | PBreakis | No | and | B<5is | Yes|and | D Typeis | Severe | and| R Typeis | None then | Break Rate is | N/A
57 | If | PBreakis | No | and | B<5is | Yes|and | D Typeis | Extreme | and | R Typeis | N/A then | Break Rate is | N/A
58| If | P Breakis | No | and | B<5is | Yes| and | D Typeis | Extreme | and | R Typeis | Segment| then | Break Rate is | N/A
59 | If | P Breakis | No | and | B<5is | Yes| and | D Typeis | Extreme | and | R Typeis | Section | then | Break Rate is | N/A
60 | If | PBreakis | No| and | B<5is | Yes|and | D Typeis | Extreme | and | R Typeis | None then | Break Rate is | N/A
61| If | PBreakis | No | and | B<5is | No |and | D Typeis | N/A and | R Typeis | N/A then | Break Rate is | N/A
62| If | PBreakis | No | and | B<5is | No | and | D Typeis | N/A and | R Type is | Segment| then | Break Rate is | N/A
63| If | PBreakis | No | and | B<5is | No | and | D Typeis | N/A and | R Type is | Section | then | Break Rate is | N/A
64 | If | PBreakis | No | and | B<5is | No | and | D Typeis | N/A and | R Type is | None then | Break Rate is | N/A
65| If | PBreakis | No | and | B<5is | No | and | D Typeis | Mild and | R Typeis | N/A then | Break Rate is | N/A
66 | If | PBreakis | No | and | B<5is | No | and | D Typeis | Mild and | R Type is | Segment| then | Break Rate is | N/A
67 | If | PBreakis | No | and | B<5is | No | and | D Typeis | Mild and | R Type is | Section | then | Break Rate is | N/A
68| If | PBreakis | No | and | B<5is | No | and | D Typeis | Mild and | R Type is | None then | Break Rate is | N/A
69 | If | PBreakis | No | and | B<5is | No | and | D Typeis | Moderate| and | R Type is | N/A then | Break Rate is | N/A
70| If | P Breakis | No | and | B<5is | No | and | D Typeis | Moderate| and | R Type is | Segment| then | Break Rate is | N/A
71| If | PBreakis | No | and| B<5is | No | and| D Typeis | Moderate| and | R Type is | Section | then | Break Rate is | N/A
72| If | PBreakis | No| and | B<5is | No | and | D Typeis | Moderate| and | R Typeis | None then | Break Rate is | N/A
73| If | PBreakis | No | and | B<5is | No |and | D Typeis | Severe | and| R Typeis | N/A then | Break Rate is | N/A
74| If | PBreakis | No | and | B<5is | No | and | D Typeis | Severe |and| R Typeis | Segment then | Break Rate is | N/A
75| If | P Breakis | No | and| B<5is | No | and | D Typeis | Severe | and| R Typeis | Section | then | Break Rate is | N/A

Pipe Break (P Break), Break <5 Ye#&go (B<5), Defect Type (D Type), Rehab Type (R Type)
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76 | If | PBreakis | No|and | B<5is | No|and| D Typeis | Severe | and | R Typeis | None then | Break Rate is | N/A
77| If | PBreakis | No | and | B<5is | No | and | D Typeis | Extreme| and | R Typeis | N/A then | Break Rate is | N/A
78 | If | P Breakis | No | and | B<5is | No | and | D Typeis | Extreme| and | R Type is | Segment| then | Break Rate is | N/A
79| If | PBreakis | No | and | B<5is | No | and | D Typeis | Extreme| and | R Type is | Section | then | Break Rate is | N/A
80| If | PBreakis | No | and | B<5is | No | and | D Typeis | Extreme| and | R Typeis | None then | Break Rate is | N/A

Pipe Break (P Break), Break <5 Years Ago (B<5), Defect Type (D Type), Rehab Type (R Type)
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Table C4 Fuzzy Inferenc&€urrent Integrity Modle If/Then Rule Statements

1| If | Expectancy is | Very High | and | SCis | Excellent | and | Break Rate is | N/A then | Clis | Excellent
2 | If | Expectancy is | Very High | and | SCis | Excellent | and | Break Rate is | Low then | Clis | Good
3 | If | Expectancy is | Very High | and | SCis | Excellent | and | Break Rate is | Moderate | then | Clis | Fair
4 | If | Expectancyis | Very High | and | SCis | Excellent | and | Break Rate is | High then | Clis | Poor
5 | If | Expectancy is | Very High | and | SCis | Excellent | and | Break Rate is | Very High | then | Clis | Very Poor
6 | If | Expectancy is | VeryHigh | and | SCis | Good and | Break Rate is | N/A then | Clis | Good
7 | If | Expectancy is | Very High | and | SCis | Good and | Break Rate is | Low then | Clis | Good
8 | If | Expectancy is | Very High | and | SCis | Good and | Break Rate is | Moderate | then | Clis | Fair
9 | If | Expectancyis | Very High | and | SCis | Good and | Break Rate is | High then | Clis | Poor
10 | If | Expectancy is | Very High | and | SCis | Good and | Break Rate is | Very High | then | Clis | Very Poor
11| If | Expectancyis | Very High | and | SCis | Fair and | Break Rate is | N/A then | Clis | Fair
12 | If | Expectancys | Very High | and | SCis | Fair and | Break Rate is | Low then | Clis | Fair
13| If | Expectancyis | Very High | and | SCis | Fair and | Break Rate is | Moderate | then | Clis | Fair
14 | If | Expectancyis | Very High | and | SCis | Fair and | Break Rate is | High then | Clis | Poor
15 | If | Expectancys | Very High | and | SCis | Fair and | Break Rate is | Very High | then | Clis | Very Poor
16 | If | Expectancy is | Very High | and | SCis | Poor and | Break Rate is | N/A then | Clis | Poor
17 | If | Expectancyis | Very High | and | SCis | Poor and | Break Rate is | Low then | Clis | Poor
18 | If | Expectancyis | Very High | and | SCis | Poor and | Break Rate is | Moderate | then | Clis | Poor
19 | If | Expectancyis | Very High | and | SCis | Poor and | Break Rate is | High then | Clis | Poor
20 | If | Expectancy is | Very High | and | SCis | Poor and | Break Rate is | Very High | then| Clis | Very Por
21 | If | Expectancyis | Very High | and | SCis | Very Poor | and | Break Rate is | N/A then | Clis | Very Poor
22 | If | Expectancyis | Very High | and | SCis | Very Poor | and | Break Rate is | Low then | Clis | Very Poor
23| If | Expectancy is | Very High | and | SCis | Very Poor | and | Break Ratés | Moderate | then| Clis | Very Poor
24 | If | Expectancy is | Very High | and | SCis | Very Poor | and | Break Rate is | High then | Clis | Very Poor
25 | If | Expectancy is | Very High | and | SCis | Very Poor | and | Break Rate is | Very High | then | Clis | Very Poor

Structural Condition (SCYurrent Integrity (CI)
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Table C4 Fuzzy Inferenc&€urrent Integrity Moduldf/Then Rule StatementSont.

26 | If | Expectancy is | High and | SCis | Excellent | and | Break Rate is | N/A then | Clis | Excellent
27 | If | Expectancy is | High and | SCis | Excellent | and | Break Rate is | Low then | Clis | Good

28 | If | Expectancy is | High and | SCis | Excellent | and | Break Rate is | Moderate | then | Clis | Fair

29 | If | Expectancy is | High and | SCis | Excellent | and | Break Rate is | High then | Clis | Poor

30 | If | Expectancy is | High and | SCis | Excellent | and | Break Rates | Very High | then | Clis | Very Poor
31| If | Expectancy is | High and | SCis | Good and | Break Rate is | N/A then | Clis | Good

32 | If | Expectancy is | High and | SCis | Good and | Break Rate is | Low then | Clis | Good

33| If | Expectancy is | High and | SCis | Good and | Break Rate is | Moderate | then | Clis | Fair

34 | If | Expectancy is | High and | SCis | Good and | Break Rate is | High then | Clis | Poor

35 | If | Expectancy is | High and | SCis | Good and | Break Rate is | Very High | then | Clis | Very Poor
36 | If | Expectancy is | High and | SCis | Fair and | Break Rate is | N/A then | Clis | Fair

37 | If | Expectancy is | High and | SCis | Fair and | Break Rate is | Low then | Clis | Fair

38 | If | Expectancy is | High and | SCis | Fair and | Break Rate is | Moderate | then | Clis | Fair

39 | If | Expectancy is | High and | SCis | Fair and | Break Rate is | High then | Clis | Poor

40 | If | Expectancy is | High and | SCis | Fair and | Break Rate is | Very High | then | Clis | Very Poor
41 | If | Expectancy is | High and | SCis | Poor and | Break Rate is | N/A then | Clis | Poor

42 | If | Expectancy is | High and | SCis | Poor and | Break Rate is | Low then | Clis | Poor

43 | If | Expectancy is | High and | SCis | Poor and | Break Rate is | Moderate | then | Clis | Poor

44 | If | Expectancy is | High and | SCis | Poor and | Break Rate is | High then | Clis | Poor

45 | If | Expectancy is | High and | SCis | Poor and | Break Rate is | Very High | then | Clis | Very Poor
46 | If | Expectancy is | High and | SCis | Very Poor | and | Break Rate is | N/A then | Clis | Very Poor
47 | If | Expectancy is | High and | SCis | Very Poor | and | Break Rate is | Low then | Clis | Very Poor
48 | If | Expectancy is | High and | SCis | Very Poor | and | Break Rate is | Moderate | then | Clis | VeryPoor
49 | If | Expectancy is | High and | SCis | Very Poor | and | Break Rate is | High then | Clis | Very Poor
50 | If | Expectancy is | High and | SCis | Very Poor | and | Break Rate is | Very High | then | Clis | Very Poor

Structural Condition (SC), Current Integrity (CI)
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Table C4 Fuzz InferenceCurrent Integrity Modulédf/Then Rule StatementSont.

51| If | Expectancy is | Moderate| and | SCis | Excellent | and | Break Rate is | N/A then | Clis | Good

52 | If | Expectancy is | Moderate| and | SCis | Excellent | and | Break Rate is | Low then | Clis | Good

53 | If | Expectaicy is | Moderate| and | SCis | Excellent | and | Break Rate is | Moderate | then | Clis | Fair

54 | If | Expectancy is | Moderate| and | SCis | Excellent | and | Break Rate is | High then | Clis | Poor

55 | If | Expectancy is | Moderate| and | SCis | Excellent | and | Break Rate is | Very High | then | Clis | Very Poor
56 | If | Expectancy is | Moderate| and | SCis | Good and | Break Rate is | N/A then | Clis | Good

57 | If | Expectancy is | Moderate| and | SCis | Good and | Break Rate is | Low then | Clis | Good

58 | If | Expectancy is | Moderate| and | SCis | Good and | Break Rate is | Moderate | then | Clis | Fair

59 | If | Expectancy is | Moderate| and | SCis | Good and | Break Rate is | High then | Clis | Poor

60 | If | Expectancy is | Moderate| and | SCis | Good and | Break Rate is | Very High | then | Clis | Very Poor
61 | If | Expectancy is | Moderate| and | SCis | Fair and | Break Rate is | N/A then | Clis | Fair

62 | If | Expectancy is | Moderate| and | SCis | Fair and | Break Rate is | Low then | Clis | Fair

63 | If | Expectancy is | Moderate| and | SCis | Fair and | Break Rate is | Moderate | then | Clis | Fair

64 | If | Expectancy is | Moderate| and | SCis | Fair and | Break Rate is | High then | Clis | Poor

65 | If | Expectancy is | Moderate| and | SCis | Fair and | Break Rate is | Very High | then | Clis | Very Poor
66 | If | Expectancy is | Moderate| and | SCis | Poor and | Break Rate is | N/A then | Clis | Poor

67 | If | Expectancy is | Moderate| and | SCis | Poor and | Break Rate is | Low then | Clis | Poor

68 | If | Expectancy is | Moderate| and | SCis | Poor and | Break Rate is | Moderate | then | Clis | Poor

69 | If | Expectancy is | Moderate| and | SCis | Poor and | Break Rate is | High then | Clis | Very Poor
70 | If | Expectancy is | Moderate| and | SCis | Poor and | Break Rate is | Very High | then | Clis | Very Poor
71 | If | Expectancy is | Moderate| and | SCis | Very Poor | and | Break Rate is | N/A then | Clis | Very Poor
72 | If | Expectancy is | Moderate| and | SCis | Very Poor | and | Break Rate is | Low then | Clis | Very Poor
73| If | Expectancy is | Moderate| and | SCs | Very Poor | and | Break Rate is | Moderate | then | Clis | Very Poor
74 | If | Expectancy is | Moderate| and | SCis | Very Poor | and | Break Rate is | High then | Clis | Very Poor
75 | If | Expectancy is | Moderate| and | SCis | Very Poor | and | Break Rate is | Very High | then | Clis | Very Poor

Structural Condition (SC), Current Integrity (Cl)
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Table C4 Fuzzy Inferenc&€urrent Integrity Moduldf/Then Rule StatementSont.

76 | If | Expectancy is | Low and | SCis | Excellent | and | Break Rate is | N/A then | Clis | Good

77 | If | Expectancy is | Low and | SCis | Excellent | and | Break Rate is | Low then | Clis | Fair

78 | If | Expectancy is | Low and | SCis | Excellent | and | Break Rate is | Moderate | then | Clis | Fair

79 | If | Expectancy is | Low and | SCis | Excellent | and | Break Rate is | High then | Clis | Poor

80 | If | Expectancy is | Low and | SCis | Excellent | and | Break Rate is | Very High | then | Clis | Very Poor

81 | If | Expectancy is | Low and | SCis | Good and | Break Rate is | N/A then | Clis | Fair

82 | If | Expectancy is | Low and | SCis | Good and | Break Rate is | Low then | Clis | Fair

83 | If | Expectancy is | Low and | SCis | Good and | Break Rée is | Moderate | then | Clis | Poor

84 | If | Expectancy is | Low and | SCis | Good and | Break Rate is | High then | Clis | Poor

85 | If | Expectancy is | Low and | SCis | Good and | Break Rate is | Very High | then | Clis | Very Poor

86 | If | Expectancy is | Low and | SCis | Fair and | Break Rate is | N/A then | Clis | Fair

87 | If | Expectancy is | Low and | SCis | Fair and | Break Rate is | Low then | Clis | Poor

88 | If | Expectancy is | Low and | SCis | Fair and | Break Rate is | Moderate | then | Clis | Poor

89 | If | Expectancy is | Low and | SCis | Fair and | Break Rate is | High then | Clis | Very Poor

90 | If | Expectancy is | Low and | SCis | Fair and | Break Rate is | Very High | then | Clis | Very Poor

91| If | Expectancy is | Low and | SCis | Poor and | Break Rate is | N/A then | Clis | Poor

92 | If | Expectancy is | Low and | SCis | Poor and | Break Rate is | Low then | Clis | Poor

93 | If | Expectancy is | Low and | SCis | Poor and | Break Rate is | Moderate | then | Clis | Poor

94 | If | Expectancy is | Low and | SCis | Poor and | Break Rate is | High then | Clis | Very Poor

95 | If | Expectancy is | Low and | SCis | Poor and | Break Rate is | Very High | then | Clis | Very Poor

96 | If | Expectancy is | Low and | SCis | Very Poor | and | Break Rate is | N/A then | Clis | Very Poor

97 | If | Expectancy is | Low and | SCis | Very Poor | and | Break Rate is | Low then | Clis | Very Poor

98 | If | Expectancy is | Low and | SCis | Very Poor | and | Break Rate is | Moderate | then | Clis | Very Poor

99 | If | Expectancy is | Low and | SCis | Very Poor | and | Break Rate is | High then | Clis | Very Poor
100 | If | Expectancy is | Low and | SCis | Very Poor | and | Break Rate is | Very High | then | Clis | Very Poor

Structural Condition (SC), Current Integrity (CI)
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Table C4 Fuzzy Inferenc&€urrent Integrity Moduldf/Then Rule StatementSont.

101 | If | Expectancyis | VeryLow | and | SCis | Excellent | and | Break Rate is | N/A then | Clis | Fair

102 | If | Expectancyis | VeryLow | and | SCis | Excellent | and | Break Rate is | Low then | Clis | Fair

103 | If | Expectancy is | Very Low | and | SCis | Excellent | and | Break Rate is | Moderate | then | Clis | Fair

104 | If | Expectancyis | VeryLow | and| SCis | Excellent | and | Break Rate is | High then | Clis | Poor

105 | If | Expectancyis | Very Low | and | SCis | Excellent | and | Break Rate is | Very High | then | Clis | Very Poor
106 | If | Expectancyis | VeryLow | and| SCis | Good and | Break Rate is | N/A then | Clis | Fair

107 | If | Expectancyis | VeryLow | and | SCis | Good and | Break Rate is | Low then | Clis | Fair

108 | If | Expectancyis | Very Low | and | SCis | Good and | Break Rate is | Moderate | then | Clis | Poor

109 | If | Expectancyis | Very Low | and | SCis | Good and | Break Rate is | High then | Clis | Very Poor
110 If | Expectancyis | VeryLow | and | SCis | Good and | Break Rate is | Very High | then | Clis | Very Poor
111 ]| If | Expectancyis | Very Low | and | SCis | Fair and | Break Rate is | N/A then | Clis | Fair

112 | If | Expectancyis | Very Low | and | SCis | Fair and | Break Rate is | Low then | Clis | Poor

113 | If | Expectancyis | Very Low | and | SCis | Fair and | Break Rate is | Moderate | then | Clis | Poor

114 | If | Expectancyis | Very Low | and | SCis | Fair and | Break Rate is | High then | Clis | Very Poor
115 | If | Expectancyis | Very Low | and | SCis | Fair and | Break Rate is | Very High | then | Clis | Very Poor
116 | If | Expectancyis | Very Low | and | SCis | Poor and | Break Rate is | N/A then | Clis | Poor

117 | If | Expectancyis | Very Low | and | SCis | Poor and | Break Rate is | Low then | Clis | Very Poor
118 | If | Expectancyis | Very Low | and | SCis | Poor and | Break Rate is | Moderate | then | Clis | Very Poor
119 If | Expectancyis | Very Low | and | SCis | Poor and | Break Rate is | High then | Clis | Very Poor
120 | If | Expectancys | VerylLow | and | SCis | Poor and | Break Rate is | Very High | then | Clis | Very Poor
121 | If | Expectancyis | Very Low | and | SCis | Very Poor | and | Break Rate is | N/A then | Clis | Very Poor
122 | If | Expectancyis | Very Low | and | SCis | Very Poor | and | Break Rate is | Low then | Clis | Very Poor
123 | If | Expectancyis | Very Low | and | SCis | Very Poor | and | Break Rate is | Moderate | then | Clis | Very Poor
124 | If | Expectancyis | Very Low | and | SCis | Very Poor | and | Break Rate is | High then | Clis | Very Poor
125 | If | Expectancy is | Very Low | and | SCis | Very Poor | and | Break Rate is | Very High | then | Clis | Very Poor

Structural Condition (SC), Current Integrity (CI)
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Table C5 Fuzzy Inferencénternal Condition Moduldf/Then Rule Statements

1|1f | PCEis | Preferable and | PSis| VerylLow | and | AFFis | Yes | and | PCis | Yes| and | DWis | Yes | then | ICis | Poor
2 | If | PCEis | Preferable and | PSis| Low and | AFFis | Yes|and | PCis | Yes| and | DWis | Yes | then | ICis | Poor
3| If | PCEis | Preferable and | PSis | Moderate | and | AFFis | Yes | and | PCis | Yes| and | DWis | Yes | then | ICis | Poor
4| If | PCEis | Preferable and | PSis | High and | AFFis | Yes | and | PCis | Yes| and | DWis | Yes |then | ICis | Poor
5| If | PCEis | Preferable and | PSis| Very High | and | AFFis | Yes| and | PCis | Yes| and | DWis | Yes | then | ICis | Poor
6 | If | PCEis | Desirable and | PSis| VerylLow | and | AFFis | Yes | and | PCis | Yes| and | DWis | Yes | then | ICis | Poor
7| If | PCEis | Desirable and | PSis| Low and | AFFis | Yes| and | PCis | Yes| and | DWis | Yes | then | ICis | Poor
8 | If | PCEis | Desirable and | PSis | Moderate | and | AFFis | Yes | and | PCis | Yes| and | DWis | Yes | then | ICis | Poor
9 | If | PCEis | Desirable and | PSis | High and | AFFis | Yes|and | PCis | Yes| and | DWis | Yes | then | ICis | Poor
10| If | PCEis | Desirable and | PSis| Very High | and | AFFis | Yes | and | PCis | Yes| and | DWis | Yes | then | ICis | Poor
11| If | PCEis | Mediocre and | PSis| VerylLow | and | AFFis | Yes | and | PCis | Yes| and | DWis | Yes | then | ICis | Poor
12| If | PCEis | Mediocre and | PSis| Low and | AFFis | Yes|and | PCis | Yes| and | DWis | Yes | then | ICis | Poor
13| If | PCEis | Mediocre and | PSis | Moderate | and | AFFis | Yes | and | PCis | Yes| and | DWis | Yes | then | ICis | Poor
14 | If | PCEis | Mediocre and | PSis | High and | AFFis | Yes|and | PCis | Yes| and | DWis | Yes | then | ICis | Poor
15| If | PCEis | Mediocre and | PSis| Very High | and | AFFis | Yes | and | PCis | Yes| and | DWis | Yes | then | ICis | Poor
16 | If | PCEis | Least Desirable| and | PSis| VeryLow | and | AFFis | Yes|and | PCis | Yes| and | DWis | Yes | then | ICis | Poor
17| If | PCEis | Least Desirable| and | PSis | Low and | AFFis | Yes|and | PCis | Yes| and | DWis | Yes | then | ICis | Poor
18 | If | PCEis | Least Desirable| and | PSis| Moderate | and | AFFis | Yes | and | PCis | Yes| and | DWis | Yes | then | ICis | Poor
19| If | PCEis | Least Desirable| and | PS is | High and | AFFis | Yes|and | PCis | Yes| and | DWis | Yes | then | ICis | Poor

20 | If | PCEis | Least Desirable| and | PSis| Very High | and | AFFis | Yes | and | PCis | Yes| and | DWis | Yes | then| ICis | Poor

21| If | PCEis | Undesirable and | PSis| VerylLow | and | AFFis | Yes | and | PCis | Yes| and | DWis | Yes | then | ICis | Poor

22 | If | PCEis | Undesirable and | PSis| Low and | AFFis | Yes|and | PCis | Yes| and | DWis | Yes | then | ICis | Poor
23 | If | PCEis | Undesirable and | PSis| Moderate | and | AFFis | Yes|and | PCis | Yes| and | DWis | Yes | then | ICis | Poor
24 | If | PCEis | Undesirable and | PSis | High and | AFFis | Yes| and | PCis | Yes| and | DWis | Yes | then | ICis | Poor

25| If | PCE s | Undesirable and | PSis| Very High | and | AFFis | Yes| and | PCis | Yes| and | DWis | Yes | then | ICis | Poor

Pressure Class Exceeded (PCE), Pressure Surges (PS), Adequate Fire Flow €aBilie Romplaints (PC), Discolored Water
(DW), Internal Condition (IC)
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Table C5 Fuzzy Inferencénternal Condition Moduléf/Then Rule StatementSont.

26 | If | PCE is | Preferable and | PSis| VerylLow | and | AFFis | No| and | PCis | Yes | and | DWis | Yes | then | ICis | V.Poor
27 | If | PCE s | Preferable and | PSis| Low and | AFFis | No | and | PCis | Yes| and | DWis | Yes | then | ICis | V.Poor
28 | If | PCEis | Preferable and | PSis| Moderate | and | AFFis | No | and | PCis | Yes | and | DWis | Yes | then | ICis | V.Poor
29 | If | PCE is | Preferable and | PSis| High and | AFFis | No | and | PCis | Yes| and | DWis | Yes | then | ICis | V.Poor
30| If | PCE s | Preferable and | PSis| Very High | and | AFFis | No | and | PCis | Yes| and | DWis | Yes | then | ICis | V.Poor
31| If | PCEis | Desirable and | PSis| VerylLow | and | AFFis | No|and | PCis | Yes | and | DWis | Yes | then | ICis | V.Poor
32| If | PCEis | Desirable and | PSis| Low and | AFFis | No|and | PCis | Yes|and | DWis | Yes | then | ICis | V.Poor
33| If | PCEis | Desirable and | PSis| Moderate | and | AFFis | No | and | PCis | Yes | and | DWis | Yes | then | ICis | V.Poor
34| If | PCEis | Desirable and | PSis| High and | AFFis | No|and | PCis | Yes|and | DWis | Yes | then | ICis | V.Poor
35| If | PCEis | Desirable and | PSis| Very High | and | AFFis | No | and | PCis | Yes | and | DWis | Yes | then | ICis | V.Poor
36| If | PCEis | Mediocre and | PSis| VerylLow | and | AFFis | No| and | PCis | Yes | and | DWis | Yes | then | ICis | V.Poor
37 | If | PCEis | Mediocre and | PSis| Low and | AFFis | No|and | PCis | Yes|and | DWis | Yes | then | ICis | V.Poor
38| If | PCEis | Mediocre and | PSis| Moderate | and | AFFis | No| and | PCis | Yes | and | DWis | Yes | then | ICis | V.Poor
39| If | PCEis | Mediocre and | PSis| High and | AFFis | No|and | PCis | Yes|and | DWis | Yes | then | ICis | V.Poor
40 | If | PCEis | Mediocre and | PSis| Very High | and | AFFis | No | and | PCis | Yes | and | DWis | Yes | then | ICis | V.Poor
41 | If | PCEis | LeasDesirable| and | PSis| Very Low | and | AFFis | No | and | PCis | Yes | and | DWis | Yes | then | ICis | V.Poor
42 | If | PCEis | LeasDesirable| and | PSis| Low and | AFFis | No|and | PCis | Yes|and | DWis | Yes | then | ICis | V.Poor
43 | If | PCEis | LeasDesirable| and | PSis| Moderate | and | AFFis | No | and | PCis | Yes | and | DWis | Yes | then | ICis | V.Poor
44 | If | PCEis | LeasDesirable| and | PS is| High and | AFFis | No | and | PCis | Yes | and | DWis | Yes | then | ICis | V.Poor
45| If | PCEis | LeasDesirable| and | PSis| Very High | and | AFFis | No | and | PCis | Yes | and | DWis | Yes | then | ICis | V.Poor
46 | If | PCE is | Undesirable and | PSis| VeryLow | and | AFFis | No|and | PCis | Yes | and | DWis | Yes| then | ICis | V.Poor
47 | If | PCEis | Undesirable and | PSis| Low and | AFFis | No | and | PCis | Yes | and | DWis | Yes | then | ICis | V.Poor
48 | If | PCE is | Undesirable and | PSis| Moderate | and | AFFis | No | and | PCis | Yes | and | DWis | Yes | then | ICis | V.Poor
49 | If | PCEis | Undesirable and | PSis| High and | AFFis | No|and | PCis | Yes | and | DWis | Yes | then | ICis | V.Poor
50 | If | PCEis | Undesirable and | PSis| Very High | and | AFFis | No | and | PCis | Yes| and | DWis | Yes | then | ICis | V.Poor

Pressure Class Exceeded (PCE), Pressure Surges (PS), Adequate FirdFHpWI@ssure Complaints (PC), Discolored Water

(DW), Internal Condition (IC)
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Table C5 Fuzzy Inferencénternal Condition Moduléf/Then Rule StatementSont.

51| If | PCEis | Preferable and | PSis| VerylLow |and | AFFis | Yes|and | PCis | No|and| DWis | Yes | then | ICis | Poor
52 | If | PCE s | Preferable and | PSis| Low and | AFFis | Yes|and | PCis | No | and | DWis | Yes | then | ICis | Poor
53| If | PCEis | Preferable and | PSis| Moderate | and | AFFis | Yes|and | PCis | No | and | DWis | Yes | then | ICis | Poor
54| If | PCEis | Preferable and | PSis| High and | AFFis | Yes|and | PCis | No | and | DWis | Yes | then | ICis | Poor
55| If | PCE is | Preferable and | PSis| VeryHigh | and | AFFis | Yes | and | PCis | No| and | DWis | Yes | then | ICis | Poor
56 | If | PCEis | Desirable and | PSis| VerylLow |and | AFFis | Yes|and | PCis | No|and| DWis | Yes | then | ICis | Poor
57 | If | PCEis | Desirable and | PSis| Low and | AFFis | Yes|and | PCis | No | and | DWis | Yes | then | ICis | Poor
58 | If | PCEis | Desirable and | PSis| Moderate | and | AFFis | Yes| and | PCis | No | and | DWis | Yes | then | ICis | Poor
59 | If | PCEis | Desirable and | PSis| High and | AFFis | Yes|and | PCis | No | and | DWis | Yes | then | ICis | Poor
60 | If | PCEis | Desirable and | PSis| Very High | and | AFFis | Yes| and | PCis | No | and | DWis | Yes | then | ICis | Poor
61| If | PCEis | Mediocre and | PSis| VeryLow |and | AFFis | Yes|and | PCis | No | and| DWis | Yes | then | ICis | Poor
62| If | PCEis | Mediocre and | PSis| Low and | AFFis | Yes|and | PCis | No | and | DWis | Yes | then | ICis | Poor
63 | If | PCEis | Mediocre and | PSis| Moderate | and | AFFis | Yes| and | PCis | No | and | DWis | Yes | then | ICis | Poor
64 | If | PCEis | Mediocre and | PSis| High and | AFFis | Yes|and | PCis | No | and | DWis | Yes | then | ICis | Poor
65| If | PCEis | Mediocre and | PSis| Very High | and | AFFis | Yes| and | PCis | No | and | DWis | Yes | then | ICis | Poor
66 | If | PCEis | LeasDesirable| and | PSis| VeryLow | and | AFFis | Yes|and | PCis | No|and| DWis | Yes | then | ICis | Poor
67| If | PCEis | LeasDesirdble | and | PSis| Low and | AFFis | Yes|and | PCis | No | and | DWis | Yes | then | ICis | Poor
68| If | PCEis | LeasDesirable| and | PSis| Moderate | and | AFFis | Yes | and | PCis | No | and | DWis | Yes | then | ICis | Poor
69 | If | PCEis | LeasDesirable| and | PSis| High and | AFFis | Yes|and | PCis | No | and | DWis | Yes | then | ICis | Poor
70| If | PCEis | LeastDesirable and | PSis| VeryHigh | and | AFFis | Yes | and | PCis | No | and | DWis | Yes | then | ICis | Poor
71| If | PCEis | Undesirable and | PSis| VeryLow |and | AFFis | Yes|and |PCis | No|and| DWis | Yes | then | ICis | Poor
72| If | PCEis | Undesirable and | PSis| Low and | AFFis | Yes|and | PCis | No | and | DWis | Yes | then | ICis | Poor
73| If | PCEis | Undesirable and | PSis| Moderate | and | AFFis | Yes|and | PCis | No | and | DWis | Yes | then | ICis | Poor
74| If | PCEis | Undesirable and | PSis| High and | AFFis | Yes|and | PCis | No | and | DWis | Yes | then | ICis | Poor
75| If | PCEis | Undesirable and | PSis| VeryHigh | and | AFFis | Yes | and | PCis | No | and | DWis | Yes | then | ICis | Poor

Pressure Class Exceeded (PCE), Pressure Surges (PS), Adequate Fire Flow (AFF), Pressure Complaints (PC), @iscolored W

(DW), Internal Condition (IC)
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Table C5 Fuzzy Inferencénternal Condition Moduléf/Then Rule StatementSont.

76 | If | PCEis | Preferable and | PSis| VeryLow | and | AFFis | No | and | PCis | No | and | DWis | Yes | then | ICis | V.Poor
77| If | PCEis | Preferable and | PSis| Low and | AFFis [ No|and | PCis | No | and | DWis | Yes | then | ICis | V.Poor
78 | If | PCEis | Preferable and | PSis| Moderate | and | AFFis | No | and | PCis | No | and | DWis | Yes | then | ICis | V.Poor
79| If | PCEis | Preferable and | PSis| High and | AFFis | No | and | PCis | No | and | DWis | Yes |then | ICis | V.Poor
80 | If | PCE is | Preferable and | PSis| VeryHigh | and | AFFis | No | and | PCis | No | and | DWis | Yes | then | ICis | V.Poor
81| If | PCEis | Desirable and | PSis| VeryLow | and | AFFis | No | and | PCis | No | and | DWis | Yes | then | ICis | V.Poor
82| If | PCEis | Desirable and | PSis| Low and | AFFis | No | and | PCis | No | and | DWis | Yes | then | ICis | V.Poor
83| If | PCEis | Desirable and | PSis| Moderate | and | AFFis | No | and | PCis | No | and | DWis | Yes | then | ICis | V.Poor
84 | If | PCEis | Desirable and | PSis| High and | AFFis | No | and | PCis | No | and | DWis | Yes | then | ICis | V.Poor
85| If | PCEis | Desirable and | PSis| VeryHigh | and | AFFis | No | and | PCis | No | and | DWis | Yes | then | ICis | V.Poor
86 | If | PCEis | Mediocre and | PSis| VeryLow | and | AFFis | No | and | PCis | No | and | DWis | Yes | then | ICis | V.Poor
87 | If | PCEis | Mediocre and | PSis| Low and | AFFis | No | and | PCis | No | and | DWis | Yes | then | ICis | V.Poor
88 | If | PCEis | Mediocre and | PSis| Moderate | and | AFFis | No | and | PCis | No | and | DWis | Yes | then | ICis | V.Poor
89 | If | PCEis | Mediocre and | PSis| High and | AFFis | No | and | PCis | No | and | DWis | Yes | then | ICis | V.Poor
90 | If | PCEis | Mediocre and | PSis| VeryHigh | and | AFFis | No | and | PCis | No | and | DWis | Yes | then | ICis | V.Poor
91| If | PCEis | LeasDesirable| and | PSis| VeryLow | and | AFFis | No| and | PCis | No | and | DWis | Yes | then | ICis | V.Poor
92 | If | PCEis | LeasDesirable| and | PSis| Low and | AFFis | No | and | PCis | No | and | DWis | Yes | then | ICis | V.Poor
93| If | PCEis | LeasDesirable| and | PSis| Moderate | and | AFFis | No | and | PCis | No | and | DWis | Yes | then | ICis | V.Poor
94 | If | PCEis | LeasDesirable| and | PS is| High and | AFFis | No | and | PCis | No | and | DWis | Yes | then | ICis | V.Poor
95| If | PCEis | LeasDesirable| and | PSis| Very High | and | AFFis | No | and | PCis | No | and | DWis | Yes | then | ICis | V.Poor
96 | If | PCEis | Undesirable | and| PSis| VerylLow | and | AFFis | No| and | PCis | No | and | DWis | Yes | then | ICis | V.Poor
97 | If | PCEis | Undesirable | and| PSis| Low and | AFFis | No | and | PCis | No | and | DWis | Yes | then | ICis | V.Poor
98 | If | PCEis | Undesirable | and | PSis| Moderate | and | AFFis | No| and | PCis | No | and | DWis | Yes | then | ICis | V.Poor
99 | If | PCEis | Undesirable | and | PSis| High and | AFFis | No | and | PCis | No | and | DWis | Yes | then | ICis | V.Poor
100 | If | PCEis | Undesirable | and | PSis| Very High | and | AFFis | No | and | PCis | No | and | DWis | Yes | then | ICis | V.Poor

Pressure Class Exceeded (PCE), Pressure Surges (PS), Adequate Fire Flow (AFF), Pressure Complaints (PC), Discolored Water
(DW), Interral Condition (IC)
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Table C5 Fuzzy Inferencénternal Condition Moduléf/Then Rule StatementSont.

101 | If | PCE is | Preferable and | PSis| VerylLow | and | AFFis | Yes|and | PCis | Yes| and | DWis | No | then | ICis | Poor
102 | If | PCEis | Preferable and | PSis| Low and | AFFis | Yes|and | PCis | Yes|and | DWis | No | then | ICis | Poor
103 | If | PCE is | Preferable and | PSis| Moderate | and | AFFis | Yes | and | PCis | Yes | and | DWis | No | then | ICis | Poor
104 | If | PCE is | Preferable and | PSis| High and | AFFis | Yes|and | PCis | Yes | and | DWis | No | then | ICis | Poor
105| If | PCEis | Preferable and | PSis| Very High | and | AFFis | Yes | and | PCis | Yes | and | DWis | No | then | ICis | Poor
106 | If | PCE is | Desirable and | PSis| VerylLow | and | AFFis | Yes|and | PCis | Yes| and | DWis | No | then | ICis | Poor
107 | If | PCE is | Desirable and | PSis| Low and | AFFis | Yes|and | PCis | Yes|and | DWis | No | then | ICis | Poor
108 | If | PCE is | Desirable and | PSis| Moderate | and | AFFis | Yes | and | PCis | Yes | and | DWis | No | then | ICis | Poor
109 | If | PCE is | Desirable and | PSis| High and | AFFis | Yes|and | PCis | Yes|and | DWis | No | then | ICis | Poor
110| If | PCE is | Desirable and | PSis| Very High | and | AFFis | Yes | and | PCis | Yes| and | DWis | No | then | ICis | Poor
111 | If | PCEis | Mediocre and | PSis| VerylLow | and | AFFis | Yes |and | PCis | Yes| and | DWis | No | then | ICis | Poor
112 | If | PCEis | Mediocre and | PSis| Low and | AFFis | Yes|and | PCis | Yes | and | DWis | No | then | ICis | Poor
113]| If | PCEis | Mediocre and | PSis| Moderate | and | AFFis | Yes| and | PCis | Yes | and | DWis | No | then | ICis | Poor
114 | If | PCEis | Mediocre and | PSis| High and | AFFis | Yes|and | PCis | Yes | and | DWis | No | then | ICis | Poor
115]| If | PCEis | Mediocre and | PSis| Very High | and | AFFis | Yes | and | PCis | Yes| and | DWis | No | then | ICis | Poor
116 | If | PCEis | LeasDesirable| and | PSis| Very Low | and | AFFis | Yes|and | PCis | Yes | and | DWis | No | then | ICis | Poor
117 | If | PCEis | LeasDesirable| and | PSis| Low and | AFFis | Yes|and | PCis | Yes | and | DWis | No | then | ICis | Poor
118| If | PCEis | LeasDesirable| and | PS is| Moderate | and | AFFis | Yes | and | PCis | Yes | and | DWis | No | then | ICis | Poor
119 | If | PCEis | LeasDesirable| and | PS is| High and | AFFis | Yes|and | PCis | Yes|and | DWis | No | then | ICis | Poor
120 | If | PCEis | LeasDesirable| and | PSis| Very High | and | AFFis | Yes | and | PCis | Yes | and | DWis | No | then | ICis | Poor
121 | If | PCEis | Undesirable and | PSis| VerylLow | and | AFFis | Yes |and | PCis | Yes| and | DWis | No | then | ICis | Poor
122 | If | PCEis | Undesirable and | PSis| Low and | AFFis | Yes|and | PCis | Yes | and | DWis | No | then | ICis | Poor
123 | If | PCE is | Undesirable and | PSis| Moderate | and | AFFis | Yes |and | PCis | Yes| and | DWis | No | then | ICis | Poor
124 | If | PCE is | Undesirable and | PSis| High and | AFFis | Yes|and | PCis | Yes|and | DWis | No | then | ICis | Poor
125 | If | PCEis | Undesirable | and | PSis| VeryHigh | and | AFFis | Yes | and | PCis | Yes| and | DWis | No | then | ICis | Poor

Pressure Class Exceeded (PCE), Pressure Surges (PS), Adequate Fire Flow (AFF), Pressure Complaints (PC), Discolored Water
(DW), Internal Condition (IC)
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Table C5 Fuzzy Inferencénternal Condition Moduléf/Then Rule StatementSont.

126 | If | PCE is | Preferable and | PSis| VeryLow | and | AFFis | No |and | PCis | Yes|and | DWis | No | then | ICis | V.Poor
127 | If | PCEis | Preferable and | PSis| Low and | AFFis | No |and | PCis | Yes|and | DWis | No | then | ICis | V.Poor
128 | If | PCE is | Preferable and | PSis| Moderate | and | AFFis | No |and | PCis | Yes|and | DWis | No | then | ICis | V.Poor
129 | If | PCE is | Preferable and | PSis| High and | AFFis | No |and | PCis | Yes|and | DWis | No | then | ICis | V.Poor
130 | If | PCEis | Preferabé and | PSis| Very High | and | AFFis | No |and | PCis | Yes| and | DWis | No | then | ICis | V.Poor
131 | If | PCEis | Desirable and | PSis| VeryLow | and | AFFis | No |and | PCis | Yes|and | DWis | No | then | ICis | V.Poor
132 | If | PCE is | Desirable and | PSis| Low and | AFFis | No |and | PCis | Yes | and | DWis | No | then | ICis | V.Poor
133| If | PCE is | Desirable and | PSis| Moderate | and | AFFis | No |and | PCis | Yes|and | DWis | No | then | ICis | V.Poor
134 | If | PCE is | Desirable and | PSis| High and | AFFis | No |and | PCis | Yes | and | DWis | No | then | ICis | V.Poor
135]| If | PCE is | Desirable and | PSis| VeryHigh | and | AFFis | No |and | PCis | Yes | and | DWis | No | then | ICis | V.Poor
136 | If | PCEis | Mediocre and | PSis| VeryLow | and | AFFis | No |and | PCis | Yes|and | DWis | No | then | ICis | V.Poor
137 | If | PCEis | Mediocre and | PSis| Low and | AFFis | No |and | PCis | Yes | and | DWis | No | then | ICis | V.Poor
138 | If | PCEis | Mediocre and | PSis| Moderate | and | AFFis | No |and | PCis | Yes | and | DWis | No | then | ICis | V.Poor
139 | If | PCEis | Mediocre and | PSis| High and | AFFis | No |and | PCis | Yes|and | DWis | No | then | ICis | V.Poor
140| If | PCEis | Mediocre and | PSis| Very High | and | AFFis | No | and | PCis | Yes | and | DWis | No | then | ICis | V.Poor
141 | If | PCEis | LeasDesirable| and | PSis| VeryLow | and | AFFis | No |and | PCis | Yes| and | DWis | No | then | ICis | V.Poor
142 | If | PCEis | LeasDesirable| and | PSis| Low and | AFFis | No |and | PCis | Yes | and | DWis | No | then | ICis | V.Poor
143 | If | PCEis | LeastDesirablg and | PSis| Moderate | and | AFFis | No | and | PCis | Yes| and | DWis | No | then | ICis | V.Poor
144 | If | PCEis | LeasDesirable| and | PS is| High and | AFFis | No |and | PCis | Yes | and | DWis | No | then | ICis | V.Poor
145| If | PCEis | LeasDesirable| and | PSis| Very High | and | AFFis | No | and | PCis | Yes| and | DWis | No | then | ICis | V.Poor
146 | If | PCEis | Undesirable | and | PSis| VerylLow | and | AFFis | No |and | PCis | Yes| and | DWis | No | then | ICis | V.Poor
147 | If | PCEis | Undesirable | and | PSis| Low and | AFFis | No |and | PCis | Yes|and | DWis | No | then | ICis | V.Poor
148 | If | PCEis | Undesirable | and | PSis| Moderate | and | AFFis | No |and | PCis | Yes| and | DWis | No | then | ICis | V.Poor
149 | If | PCEis | Undesirable | and | PSis| High and | AFFis | No |and | PCis | Yes|and | DWis | No | then | ICis | V.Poor
150 | If | PCEis | Undesirable | and | PSis| Very High | and | AFFis | No | and | PCis | Yes| and | DWis | No | then | ICis | V.Poor

Pressure Class Exceeded (PCE), Pressure Surges (PS), Adequate Fire Flow (AFF), Pressure Complaints (PC), Discolored Water
(DW), Internal Conditia (IC)
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TableC.5 Fuzzy Inferencénternal Condition Moduléf/Then Rule StatementSont.

151 | If | PCEis | Preferable and | PSis | VeryLow | and | AFFis | Yes | and | PCis | No | and | DWis | No | then | ICis | Excellent
152 | If | PCE is | Preferable and | PSis | Low and | AFFis | Yes|and | PCis | No | and | DWis | No | then | ICis | Good
153 | If | PCEis | Preferable and | PSis | Moderate | and | AFFis | Yes | and | PCis | No | and | DWis | No | then | ICis | Fair
154 | If | PCE is | Preferable and | PSis | High and | AFFis | Yes|and | PCis | No | and | DWis | No | then | ICis | Poor
155| If | PCE is | Preferable and | PSis | VeryHigh | and | AFFis | Yes | and | PCis | No | and | DWis | No | then | ICis | V.Poor
156 | If | PCE is | Desirable and | PSis | VeryLow | and | AFFis | Yes | and | PCis | No | and | DWis | No | then | ICis | Good
157 | If | PCE is | Desirable and | PSis | Low and | AFFis | Yes | and | PCis | No | and | DWis | No | then | ICis | Good
158 | If | PCE is | Desirable and | PSis | Moderate | and | AFFis | Yes|and | PCis | No | and | DWis | No | then | ICis | Fair
159 | If | PCE is | Desirable and | PSis | High and | AFFis | Yes| and | PCis | No | and | DWis | No | then | ICis | Poor
160 | If | PCE is | Desirable and | PSis | VeryHigh | and | AFFis | Yes | and | PCis | No | and | DWis | No | then | ICis | V.Poor
161 | If | PCEis | Mediocre and | PSis | VeryLow | and | AFFis | Yes|and | PCis | No | and | DWis | No | then | ICis | Fair
162 | If | PCEis | Mediocre and | PSis | Low and | AFFis | Yes | and | PCis | No | and | DWis | No | then | ICis | Fair
163 | If | PCEis | Mediocre and | PSis | Moderate | and | AFFis | Yes|and | PCis | No | and | DWis | No | then | ICis | Fair
164 | If | PCEis | Mediocre and | PSis | High and | AFFis | Yes| and | PCis | No | and | DWis | No | then | ICis | Poor
165| If | PCEis | Mediocre and | PSis | VeryHigh | and | AFFis | Yes | and | PCis | No | and | DWis | No | then | ICis | V.Poor
166 | If | PCE is | LeasDesirable| and | PSis | VeryLow | and | AFFis | Yes | and | PCis | No | and | DWis | No | then | ICis | Poor
167 | If | PCEis | LeasDesirable| and | PSis | Low and | AFFis | Yes | and | PCis | No | and | DWis | No | then | ICis | Poor
168 | If | PCE is | LeasDesirable| and | PSis | Moderate| and | AFFis | Yes | and | PCis | No | and | DWis | No | then | ICis | Poor
169 | If | PCEis | LeasDesirable| and | PS is | High and | AFFis | Yes| and | PCis | No | and | DWis | No | then | ICis | Poor
170 | If | PCE is | LeasDesirable| and | PSis | VeryHigh | and | AFFis | Yes | and | PCis | No | and | DWis | No | then | ICis | V.Poor
171| If | PCEis | Undesirable | and | PSis | VeryLlow | and | AFFis | Yes | and | PCis | No | and | DWis | No | then | ICis | V.Poor
172 | If | PCEis | Undesirable | and | PSis | Low and | AFFis | Yes| and | PCis | No | and | DWis | No | then | ICis | V.Poor
173| If | PCEis | Undesirable | and | PSis | Moderate| and | AFFis | Yes | and | PCis | No | and | DWis | No | then | ICis | V.Poor
174 | If | PCEis | Undesirable | and | PSis | High and | AFFis | Yes| and | PCis | No | and | DWis | No | then | ICis | V.Poor
175| If | PCEis | Undesirable | and | PSis | VeryHigh | and | AFFis | Yes | and | PCis | No | and | DWis | No | then | ICis | V.Poor

Pressure Class Exceeded (PCE), Pressure Surges (PS), Adequate Fire Flow (AFF), Pressure Complaints (PC), Discolored Water
(DW), Internal Condition (IC)
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Table C5 Fuzzy Inferencénternal Condition Modle If/Then Rule StatementSont.

176 | If | PCEis | Preferable and | PSis| VeryLow | and | AFFis | No|and | PCis | No | and | DWis | No | then | ICis | V.Poor
177 | If | PCEis | Preferable and | PSis| Low and | AFFis | No | and | PCis | No | and | DWis | No | then | ICis | V.Poor
178 | If | PCEis | Preferdle and | PSis| Moderate | and | AFFis | No|and | PCis | No | and | DWis | No | then | ICis | V.Poor
179 | If | PCE is | Preferable and | PSis| High and | AFFis | No | and | PCis | No | and | DWis | No | then | ICis | V.Poor
180 | If | PCE is | Preferable and | PSis| VeryHigh | and | AFFis | No | and | PCis | No | and | DWis | No | then | ICis | V.Poor
181 | If | PCEis | Desirable and | PSis| VeryLow | and | AFFis | No|and | PCis | No | and | DWis | No | then | ICis | V.Poor
182 | If | PCE is | Desirable and | PSis| Low and | AFFis | No | and | PCis | No | and | DWis | No | then | ICis | V.Poor
183 | If | PCE is | Desirable and | PSis| Moderate | and | AFFis | No |and | PCis | No | and | DWis | No | then | ICis | V.Poor
184 | If | PCE is | Desirable and | PSis| High and | AFFis | No | and | PCis | No | and | DWis | No | then | ICis | V.Poor
185| If | PCE is | Desirable and | PSis| VeryHigh | and | AFFis | No | and | PCis | No | and | DWis | No | then | ICis | V.Poor
186 | If | PCEis | Mediocre and | PSis| VeryLow | and | AFFis | No |and | PCis | No | and | DWis | No | then | ICis | V.Poor
187 | If | PCEis | Mediocre and | PSis| Low and | AFFis | No | and | PCis | No | and | DWis | No | then | ICis | V.Poor
188 | If | PCEis | Mediocre and | PSis| Moderate | and | AFFis | No | and | PCis | No | and | DWis | No | then | ICis | V.Poor
189 | If | PCEis | Mediocre and | PSis| High and | AFFis | No | and | PCis | No | and | DWis | No | then | ICis | V.Poor
190 | If | PCEis | Mediocre and | PSis| VeryHigh | and | AFFis | No | and | PCis | No | and | DWis | No | then | ICis | V.Poor
191| If | PCEis | LeasDesirable| and | PSis| Very Low | and | AFFis | No | and | PCis | No| and | DWis | No | then | ICis | V.Poor
192 | If | PCEis | LeasDesirable| and | PSis| Low and | AFFis | No | and | PCis | No | and | DWis | No | then | ICis | V.Poor
193 | If | PCEis | LeasDesirable| and | PSis| Moderate | and | AFFis | No | and | PCis | No| and | DWis | No | then | ICis | V.Poor
194 | If | PCEis | LeasDesirable| and | PS is| High and | AFFis | No | and | PCis | No | and | DWis | No | then | ICis | V.Poor
195| If | PCEis | LeasDesirable| and | PSis| Very High | and | AFFis | No | and | PCis | No | and | DWis | No | then | ICis | V.Poor
196 | If | PCEis | Undesirable | and | PSis| VerylLow | and | AFFis | No | and | PCis | No| and | DWis | No | then | ICis | V.Poor
197 | If | PCEis | Undesirable | and | PSis| Low and | AFFis | No|and | PCis | No | and | DWis | No | then | ICis | V.Poor
198 | If | PCEis | Undesirable and | PSis| Moderate | and | AFFis | No | and | PCis | No | and | DWis | No | then | ICis | V.Poor
199 | If | PCEis | Undesirable | and | PSis| High and | AFFis | No | and | PCis | No | and | DWis | No | then | ICis | V.Poor
200 | If | PCEis | Undesirable | and | PSis| Very High | and | AFFis | No | and | PCis | No | and | DWis | No | then | ICis | V.Poor

Pressure Class Exceeded (PCE), Pressure Surges (PS), Adequate Fire Flow (AFF), Pressure Complaints (PC), Discolored Water
(DW), Internal Condition (IC)
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TableC.6 Fuzzy Inferencé&xternal Stress Modulé Then Rule Stagments

1 |If | Dis | Desirable | and | Fis | Desirable and | LLis | Very Light and | MT is | Preferable then | ESis | Excellent
2 |If | Dis | Desirable | and | Fis | Desirable and | LLis | Very Light and | MT is | Desirable then | ESis | Excellent
3 | If | Dis | Desirable | and | Fis | Desirable and | LLis | Very Light and | MT is | Mediocre then | ESis | Excellent
4 |If | Dis | Desirable | and | Fis | Desirable and | LLis | Very Light and | MT is | Least Desirable | then | ESis | Excellent
5 |If | Dis | Desirable | and | Fis | Desirable and | LLis | Very Light and | MT is | Undesirable then | ES&5 | Good

6 |If | Dis | Desirable | and | Fis | Desirable and | LLis | Light and | MT is | Preferable then | ESis | Excellent
7 | If | Dis | Desirable | and | Fis | Desirable and | LLis | Light and | MT is | Desirable then | ESis | Excellent
8 |If | Dis | Desirable | and | Fis | Desirable and | LLis | Light and | MT is | Mediocre then | ESis | Excellent
9 |If | Dis | Desirable | and | Fis | Desirable and | LLis | Light and | MT is | Least Desirable | then | ESis | Good

10| If | Dis | Desirable | and | Fis | Desirable and | LLis | Light and | MT is | Undesirable then | ESis | Fair

11| If | Dis | Desirdble | and | Fis | Desirable and | LLis | Moderate and | MT is | Preferable then | ESis | Excellent
12 | If | Dis | Desirable | and | Fis | Desirable and | LLis | Moderate and | MT is | Desirable then | ESis | Good

13| If | Dis | Desirable | and | Fis | Desirable and | LLis | Moderate and | MT is | Medioae then | ESis | Good

14 | If | Dis | Desirable | and | Fis | Desirable and | LLis | Moderate and | MT is | Least Desirable | then | ESis | Fair

15| If | Dis | Desirable | and | Fis | Desirable and | LLis | Moderate and | MT is | Undesirable then | ESis | Poor

16| If | Dis | Desirable | and | Fis | Desirdble and | LLis | Heavy and | MT is | Preferable then | ESis | Good

17| If | Dis | Desirable | and | Fis | Desirable and | LLis | Heavy and | MT is | Desirable then | ESis | Fair

18| If | Dis | Desirable | and | Fis | Desirable and | LLis | Heavy and | MT is | Mediocre then | ESis | Fair

19| If | Dis | Desirable | and | Fis | Desirable and | LLis | Heavy and | MT is | Least Desirable | then | ESis | Poor

20| If | Dis | Desirable | and | Fis | Desirable and | LLis | Heavy and | MT is | Undesirable then | ESis | Very Poor
21| If | Dis | Desirable | and | Fis | Desirable and | LLis | VeryHeavy | and | MT is | Preferable then | ESis | Fair

22| If | Dis | Desirable | and | Fis | Desirable and | LLis | VeryHeavy | and | MT is | Desirable then | ESis | Fair

23| If | Dis | Desirable | and | Fis | Desirable and | LLis | VeryHeavy | and | MT is | Mediocre then | ESis | Poor

24 | If | Dis | Desirable | and | Fis | Desirable and | LLis | VeryHeavy | and | MT is | Least Desirable | then | ESis | Very Poor
25| If | Dis | Desirable | and | Fis | Desirable and | LLis | VeryHeavy | and | MT is | Undesirable then | ESis | Very Poor

Disturbances (D), Flooding (F), Live Lod&bad Type (LL), Material Type (W), External Stress (ES)

221




Table C6 Fuzzy Inferencé&xternal Stress Modul®Then Rule StatementSont.

26 | If | Dis | Desirable | and | Fis | Mediocre and | LLis | Very Light and | MT is | Preferable then | ESis | Good

27 | If | Dis | Desirable | and | Fis | Mediocre and | LLis | Very Light and | MT is | Desirable then | ESis | Good

28| If | Dis | Desirable | and | Fis | Mediocre and | LLis | Very Light and | MT is | Mediocre then | ESis | Good

29 | If | Dis | Desirable | and | Fis | Mediocre and | LLis | Very Light and | MT is | Least Desirable | then | ESis | Fair

30| If | Dis | Desirable | and | Fis | Mediocre and | LLis | Very Light and | MTis | Undesirable then | ESis | Fair

31| If | Dis | Desirable | and | Fis | Mediocre and | LLis | Light and | MT is | Preferable then | ESis | Good

32| If | Dis | Desirable | and | Fis | Mediocre and | LLis | Light and | MT is | Desirable then | ESis | Good

33| If | Dis | Desirable | and | Fis | Mediocre and | LLis | Light and | MT is | Mediocre then | ESis | Fair

34| 1If | Dis | Desirable | and | Fis | Mediocre and | LLis | Light and | MT is | Least Desirable | then | ESis | Fair

35| If | Dis | Desirable | and | Fis | Mediocre and | LLis | Light and | MT is | Undesirable then | ESis | Poor

36| If | Dis | Desirable | and | Fis | Mediocre and | LLis | Moderate and | MT is | Preferable then | ESis | Good

37| If | Dis | Desirable | and | Fis | Mediocre and | LLis | Moderate and | MT is | Desirable then | ESis | Fair

38| If | Dis | Desirable | and | Fis | Mediocre and | LLis | Moderate and | MT is | Mediocre then | ESis | Fair

39| If | Dis | Desirable | and | Fis | Mediocre and | LLis | Moderate and | MT is | Least Desirable | then | ESis | Poor

40| If | Dis | Desirable | and | Fis | Mediocre and | LLis | Moderate and | MT is | Undesirable then | ESis | Poor

41 | If | Dis | Desirable | and | Fis | Mediocre and | LLis | Heavy and | MT is | Preferable then | ESis | Fair

42 | If | Dis | Desirable | and | Fis | Mediocre and | LLis | Heavy and | MT is | Desirable then | ESis | Fair

43 | If | Dis | Desirable | and | Fis | Mediocre and | LLis | Heavy and | MT is | Mediocre then | ESis | Poor

44 | If | Dis | Desirable | and | Fis | Mediocre and | LLis | Heavy and | MT is | Least Desirable | then | ESis | Poor

45| 1f | Dis | Desirable | and | Fis | Mediocre and | LLis | Heavy and | MT is | Undesirable then | ESis | Very Poor
46 | If | Dis | Desirable | and | Fis | Mediocre and | LLis | VeryHeavy | and | MT is | Preferable then | ESis | Fair

47 | If | Dis | Desirable | and | Fis | Mediocre and | LLis | VeryHeavy | and | MT is | Desirable then | ESis | Poor

48 | If | Dis | Desirable | and | Fis | Mediocre and | LLis | VeryHeavy | and | MT is | Mediocre then | ESis | Very Poor
49| 1f | Dis | Desirable | and | Fis | Mediocre and | LLis | VeryHeavy | and | MT is | Least Desirable | then | ESis | Very Poor
50| If | Dis | Desirable | and | Fis | Mediocre and | LLis | VeryHeavy | and | MT is | Undesirable then | ESis | Very Poor

Disturbances (D), Flooding-}, Live LoadRoad Type (LL), Material Type (MT), External Stress (ES)
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Table C6 Fuzzy Inferencé&xternal Stress Modul®Then Rule StatementSont.

51| If | Dis | Desirable | and | Fis | Undesirable | and | LLis | Very Light and | MT is | Preferable then | ESis | Poor
52 | If | Dis | Desirable | and | Fis | Undesirable | and | LLis | Very Light and | MT is | Desirable then | ESis | Poor
53| If | Dis | Desirable | and | Fis | Undesirable | and | LLis | Very Light and | MT is | Mediocre then | ESis | Poor
54 | If | Dis | Desirable | and | Fis | Undesirable | and | LLis | Very Light and | MT is | Least Desirable | then | ESis | Very Poor
55| If | Dis | Desirable | and | Fis | Undesirable | and | LLis | Very Light and | MTis | Undesirable then | ESis | Very Poor
56| If | Dis | Desirable | and | Fis | Undesirable | and | LLis | Light and | MT is | Preferable then | ESis | Poor
57| If | Dis | Desirable | and | Fis | Undesirable | and | LLis | Light and | MT is | Desirable then | ESis | Poor
58| If | Dis | Desirable | and | Fis | Undesirable | and | LLis | Light and | MT is | Mediocre then | ESis | Poor
59| If | Dis | Desirable | and | Fis | Undesirable | and | LLis | Light and | MT is | Least Desirable| then | ESis | Very Poor
60 | If | Dis | Desirable | and | Fis | Undesirable | and | LLis | Light and | MT is | Undesirable then | ESis | Very Poor
61| If | Dis | Desirable | and | Fis | Undesirable | and | LLis | Moderate and | MT is | Preferable then | ESis | Poor
62| If | Dis | Desirale | and | Fis | Undesirable | and | LLis | Moderate and | MT is | Desirable then | ESis | Poor
63| If | Dis | Desirable | and | Fis | Undesirable | and | LLis | Moderate and | MT is | Mediocre then | ESis | Poor
64| If | Dis | Desirable | and | Fis | Undesirable | and | LLis | Moderate and | MT is | Least Dairable | then | ESis | Very Poor
65| If | Dis | Desirable | and | Fis | Undesirable | and | LLis | Moderate and | MT is | Undesirable then | ESis | Very Poor
66 | If | Dis | Desirable | and | Fis | Undesirable | and | LLis | Heavy and | MT is | Preferable then | ESis | Poor
67| If | Dis | Desirable | and | Fis | Undesirable | and | LLis | Heavy and | MT is | Desirable then | ESis | Very Poor
68 | If | Dis | Desirable | and | Fis | Undesirable | and | LLis | Heavy and | MT is | Mediocre then | ESis | Very Poor
69| If | Dis | Desirable | and | Fis | Undesirable | and | LLis | Heavy and | MT is | Least Desirald | then | ESis | Very Poor
70| If | Dis | Desirable | and | Fis | Undesirable | and | LLis | Heavy and | MT is | Undesirable then | ESis | Very Poor
71| If | Dis | Desirable | and | Fis | Undesirable | and | LLis | Very Heavy | and | MT is | Preferable then | ESis | Poor
72| If | Dis | Desirable | and | Fis | Undesirable | and | LLis | Very Heavy | and | MT is | Desirable then | ESis | Very Poor
73| If | Dis | Desirable | and | Fis | Undesirable | and | LLis | VeryHeavy | and | MTis | Mediocre then | ESis | Very Poor
74| If | Dis | Desirable | and | Fis | Undesirable | and | LLis | VeryHeavy | and | MT is | Least Desirable | then | ESis | Very Poor
75| If | Dis | Desirable | and | Fis | Undesirable | and | LLis | VeryHeavy | and | MT is | Undesirable then | ESis | Very Poor

Disturbances (D), Flooding (F), Live Lo&bad Type (LL), Material Type (MT), External Stress (ES)
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Table C6 FuzzyInferenceExternal Stress Modul®Then Rule StatementSont.

76 | If | Dis | Undesirable| and | Fis | Desirable | and | LLis | Very Light and | MT is | Preferable then | ESis | Fair
77 |If | Dis | Undesirable| and | Fis | Desirable | and | LLis | Very Light and | MT is | Desirable then | ESis | Fair
78 | If | Dis | Undesirable| and | Fis | Desirable | and | LLis | Very Light and | MT is | Mediocre then | ESis | Fair

79 |If | Dis | Undesirable| and | Fis | Desirable | and | LLis | Very Light and | MT is | Least Desirable | then | ESis | Fair

80 |If | Dis | Undesirable| and | Fis | Desirable | and | LLis | Very Light and | MT is | Undesirable then | ESis | Fair

81 | If | Dis | Undesirable| and | Fis | Desirable | and | LLis | Light and | MT is | Preferable then | ESis | Fair
82 |If | Dis | Undesirable| and | Fis | Desirable | and | LLis | Light and | MT is | Desirable then | ESis | Fair
83 |If | Dis | Undesirable| and | Fis | Desirable | and | LLis | Light and | MT is | Mediocre then | ESis | Fair
84 |If | Dis | Undesirable| and | Fis | Desirable | and | LLis | Light and | MT is | Least Desirable | then | ESis | Fair
85 |If | Dis | Undesirable| and | Fis | Desirable | and | LLis | Light and | MT is | Undesirable then | ESis | Fair
86 |If | Dis | Undesirable| and | Fis | Desirable | and | LLis | Moderate and | MT is | Preferable then | ESis | Fair
87 |If | Dis | Undesirable| and | Fis | Desirable | and | LLis | Moderate and | MT is | Desirable then | ESis | Fair
88 |If | Dis | Undesirable| and | Fis | Desirable | and | LLis | Moderate and | MT is | Mediocre then | ESis | Poor

89 |If | Dis | Undesirable| and | Fis | Desirable | and | LL is Moderate and | MT is | Least Desirable | then | ESis | Poor

90 |If | Dis | Undesirable| and | Fis | Desirable | and | LLis | Moderate and | MT is | Undesirable then | ESis | Very Poor

91 |If | Dis | Undesirable| and | Fis | Desirable | and | LLis | Heavy and | MT is | Preferable then | ESis | Fair
92 |If | Dis | Undesirable| and | Fis | Desirable | and | LLis | Heavy and | MT is | Desirable then | ESis | Fair
93 |If | Dis | Undesirable| and | Fis | Desirable | and | LLis | Heavy and | MT is | Mediocre then | ESis | Poor
94 | If | Dis | Undesirable| and | Fis | Desirable | and | LLis | Heavy and | MT is | Least Desirable | then | ESis | Very Poor
95 |If | Dis | Undesirable| and | Fis | Desirable | and | LLis | Heavy and | MT is | Undesirable then | ESis | Very Poa
96 | If | Dis | Undesirable| and | Fis | Desirable | and | LLis | VeryHeavy | and | MT is | Preferable then | ESis | Fair
97 |If | Dis | Undesirable| and | Fis | Desirable | and | LLis | Very Heavy | and | MT is | Desirable then | ESis | Poor
98 |If | Dis | Undesirable| and | Fis | Desirable | and | LLis | Very Heavy | and | MT is | Mediocre then | ESis | Very Poor

99 |If | Dis | Undesirable| and | Fis | Desirable | and | LLis | VeryHeavy | and | MT is | Least Desirable | then | ESis | Very Poor

100 | If | Dis | Undesirable] and | Fis | Desirable | and | LLis | VeryHeavy | and | MT is | Undesirable then | ESis | Very Poor

Disturbances (D), Flooding (F), Live Lod&bad Type (LL), Material Type (MT), External Stress (ES)
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Table C6 Fuzzy Inferencé&xternal Stress Modul®Then Rule StatementSont.

101 | If | Dis | Undesirable | and | Fis | Mediocre | and | LLis | Very Light and | MT is | Preferable then | ESis | Fair

102 | If | Dis | Undesirable | and | Fis | Mediocre | and | LLis | Very Light and | MT is | Desirable then | ESis | Fair

103 | If | Dis | Undesirable | and | Fis | Mediocre | and | LLis | Very Light and | MT is | Mediocre then | ESis | Fair

104 | If | Dis | Undesiable | and| Fis | Mediocre | and | LLis | Very Light and | MT is | Least Desirable | then | ESis | Poor

105| If | Dis | Undesirable | and | Fis | Mediocre | and | LLis | Very Light and | MT is | Undesirable then | ESis | Poor

106 | If | Dis | Undesirable | and | Fis | Mediocre | and | LLis | Light and | MT is | Preferable then | ESis | Fair

107 | If | Dis | Undesirable | and | Fis | Mediocre | and | LLis | Light and | MT is | Desirable then | ESis | Fair

108 | If | Dis | Undesirable | and | Fis | Mediocre | and | LLis | Light and | MT is | Mediocre then | ESis | Poor

109 | If | Dis | Undesirable | and | Fis | Mediocre | and | LLis | Light and | MT is | Least Desirable | then | ESis | Poor

110| If | Dis | Undesirable | and | Fis | Mediocre | and | LLis | Light and | MT is | Undesirable then | ESis | Very Poor
111 | If | Dis | Undesirable | and | Fis | Mediocre | and | LLis | Moderate and | MT is | Preferable then | ES 5 | Fair

112 | If | Dis | Undesirable | and | Fis | Mediocre | and | LLis | Moderate and | MT is | Desirable then | ESis | Poor

113| If | Dis | Undesirable | and | Fis | Mediocre | and | LLis | Moderate and | MT is | Mediocre then | ESis | Poor

114 | If | Dis | Undesirable | and | Fis | Mediocre | and | LLis | Moderate and | MT is | Least Desirable | then | ESis | Very Poor
115| If | Dis | Undesirable | and | Fis | Mediocre | and | LLis | Moderate and | MT is | Undesirable then | ESis | Very Poor
116 | If | Dis | Undesirable | and | Fis | Mediocre | and | LLis | Heavy and | MT is | Preferable then | ESis | Poor

117 | If | Dis | Undesirable | and | Fis | Mediocre | and | LLis | Heavy and | MT is | Desirable then | ESis | Poor

118 | If | Dis | Undesirable | and | Fis | Mediocre | and | LLis | Heavy and | MT is | Mediocre then | ESis | Very Poor
119| If | Dis | Undesirable | and | Fis | Mediocre | and | LLis | Heavy and | MT is | Least Desirable | then | ESis | Very Poor
120 | If | Dis | Undesirable | and | Fis | Mediocre | and | LLis | Heavy and | MT is | Undesirable then | ESis | Very Poor
121 | If | Dis | Undesirable | and | Fis | Mediocre | and | LLis | Very Heavy | and | MT is | Preferable then | ESis | Poor

122 | If | Dis | Undesirable | and | Fis | Mediocre | and | LLis | VeryHeavy | and | MT is | Desirable then | ESis | Very Poor
123 | If | Dis | Undesirable | and | Fis | Mediocre | and | LLis | VeryHeavy | and | MT is | Mediocre then | ESis | Very Poor
124 | If | Dis | Undesirable | and | Fis | Mediocre | and | LLis | VeryHeavy | and | MT is | Least Desirable | then | ESis | Very Poor
125|If | Dis | Undesirable | and | Fis | Mediocre | and | LLis | VeryHeavy | and | MT is | Undesirable then | ESis | Very Poor

Disturbances (D), Flooding (F), Live Lod&bad Type (LL), Material Type (MT), External Str¢&sS)

225




Table C6 Fuzzy Inferencé&xternal Stress Modul®Then Rule StatementSont.

126 | If | Dis | Undesirablel and | Fis | Undesirable| and | LLis | Very Light | and | MT is | Preferable then | ESis | Very Poor
127 | If | Dis | Undesirablel and | Fis | Undesirable| and | LLis | Very Light | and | MT is | Desirable then | ESis | Very Poor
128 | If | Dis | Undesirablel and | Fis | Undesirable| and | LLis | Very Light | and | MT is | Mediocre then | ESis | Very Poor
129 | If | Dis | Undesirablel and | Fis | Undesirable| and | LLis | Very Light | and | MT is | LeasDesirable| then | ESis | Very Poor
130 | If | Dis | Undesirablel and | Fis | Undesirable| and | LLis | Very Light | and | MT is | Undesirable |then | ESis | Very Poor
131 | If | Dis | Undesirablel and | Fis | Undesirable| and | LLis | Light and | MT is | Preferable then | ESis | Very Poor
132 | If | Dis | Undesirablel and | Fis | Undesirable| and | LL is | Light and | MT is | Desirable then | ESis | Very Poor
133 | If | Dis | Undesirablel and | Fis | Undesirable| and | LLis | Light and | MT is | Mediocre then | ESis | Very Poor
134 | If | Dis | Undesirablel and | Fis | Undesirable| and | LLis | Light and | MT is | LeasDesiralle | then | ESis | Very Poor
135| If | Dis | Undesirablel and | Fis | Undesirable| and | LLis | Light and | MTis | Undesirable |then | ESis | Very Poor
136 | If | Dis | Undesirablel and | Fis | Undesirable| and | LLis | Moderate | and | MT is | Preferable then | ESis | Very Poor
137 | If | Dis | Undesiable| and | Fis | Undesirable| and | LLis | Moderate | and | MT is | Desirable then | ESis | Very Poor
138 | If | Dis | Undesirablel and | Fis | Undesirable| and | LLis | Moderate | and | MT is | Mediocre then | ESis | Very Poor
139 | If | Dis | Undesirablel and | Fis | Undesirable| and | LLis | Moderate | and | MT is | LeasDesirable| then | ESis | Very Poor
140 | If | Dis | Undesirablel and | Fis | Undesirable| and | LLis | Moderate | and | MT is | Undesirable |then | ESis | Very Poor
141 | If | Dis | Undesirablel and | Fis | Undesirable| and | LL is | Heavy and | MT is | Preferable then | ESis | Very Poa
142 | If | Dis | Undesirablel and | Fis | Undesirable| and | LL is | Heavy and | MT is | Desirable then | ESis | Very Poor
143 | If | Dis | Undesirablel and | Fis | Undesirable| and | LL is | Heavy and | MT is | Mediocre then | ESis | Very Poor
1441 If | Dis | Undesirablel and | Fis | Undesirable| and | LL is | Heavy and | MT is | LeasDesirable| then | ESis | Very Poor
145| If | Dis | Undesirablel and | Fis | Undesirable| and | LL is | Heavy and | MTis | Undesirable |then | ESis | Very Poor
146 | If | Dis | Undesirablel and | Fis | Undesirable| and | LLis | VeryHeavy | and | MT is | Preferable then | ESis | Very Poor
147 | If | Dis | Undesirablel and | Fis | Undesirable| and | LLis | VeryHeavy| and | MT is | Desirable then | ESis | Very Poor
148 | If | Dis | Undesirablel and | Fis | Undesirable| and | LLis | VeryHeavy| and | MT is | Mediocre then | ESis | Very Poor
149 | If | Dis | Undesirablel and | Fis | Undesirable| and | LLis | VeryHeavy| and | MT is | LeasDesirable| then | ESis | Very Poor
150 | If | Dis | Undesirablel and | Fis | Undesirable| and | LLis | VeryHeavy| and | MT is | Undesirable | then | ESis | Very Poor

Disturbances (D), Flooding (F), Live Lod&bad Type (LL), Matrial Type (MT), External Stress (ES)
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TableC.7 Fuzzy Inferencé&xternal Corrosion Moduld/Then Rule Statements

1|I1f |DMis | D and | CPis | D and | STCis | D and | SCois | Low and | Cis | D then | ECis | Excellent
2|1f |DMis | D and | CPis | D and | STCis | D and | SCois | Low and | Cis | UD | then | ECis | Good
3|If |[DMis | D and | CPis | D and | STCis | D and | SCois | Mod and | Cis | D then | ECis | Excellent
4|1f | DMis | D and | CPis | D and | STCis | D and | SCois | Mod and | Cis | UD | then | ECis | Fair
5|I1f | DMis | D and | CPis | D and | STCis | D and | SCois | High and | Cis | D then | ECis | Excellent
6|If | DMis | D and | CPis | D and | STCis | D and | SCois | High and | Cis | UD |then | ECis | Very Poor
7|1f | DMis | D and | CPis | D and | STCis | UD | and | SCois | Low and | Cis | D then | ECis | Excellent
8|If | DMis | D and | CPis | D and | STCis | UD | and | SCois | Low and | Cis | UD |then | ECis | Good
9|If | DMis | D and | CPis | D and | STCis | UD | and | SCois | Mod and | Cis | D then | ECis | Excellent
10| If |DMis | D and | CPis | D and | STCis | UD | and | SCois | Mod and | Cis | UD |then | ECis | Fair
11| If | DMis | D and | CPis | D and | STCis | UD | and | SCois | High and | Cis | D then | ECis | Excellent
12| If |DMis | D and | CPis | D and | STCis |UD | and | SCois | High | and | Cis | UD |then | ECis | Very Poor
13| If | DMis | D and | CPis | UD | and | STCis | D and | SCois | Low and | Cis | D then | ECis | Excellent
14| 1f | DMis | D and | CPis |UD | and| STCis | D and | SCois | Low and | Cis | UD | then | ECis | Good
15| 1f | DMis | D and | CPis | UD | and | STCis | D and | SCois | Mod and | Cis | D then | ECis | Excellent
16| If | DMis | D and | CPis |UD | and| STCis | D and | SCois | Mod and | Cis | UD |then | ECis | Fair
17| 1f | DMis | D and | CPis | UD | and | STCis | D and | SCois | High and | Cis | D then | ECis | Excellent
18| If | DMis | D and | CPis | UD | and | STCis | D and | SCois | High and | Cis | UD |then | ECis | Very Poor
19| If | DMis | D and | CPis |UD | and | STCis | UD | and | SCois | Low and | Cis | D then | ECis | Excellent
20| If |[DMis | D and | CPis |UD | and| STCis | UD | and | SCois | Low and | Cis | UD | then | ECis | Poor
21| If | DMis | D and | CPis |UD | and | STCis | UD | and | SCois | Mod and | Cis | D then | ECis | Excellent
22| If | DMis | D and | CPis |UD | and | STCis | UD | and | SCois | Mod and | Cis | UD |then | ECis | Very Poor
23| If | DMis | D and | CPis | UD | and | STCis | UD | and | SCois | High and | Cis | D then | ECis | Excellent
24 | If |[DMis | D and | CPis |UD | and | STCis |UD | and | SCois | High | and | Cis | UD |then | ECis | Very Poor
25| If |DMis |UD| and | CPis | D and | STCis | D and | SCois | Low and | Cis | D then | ECis | Excellent

Dissimilar Metals (DM), Cathodic Protection (CP), Stray Currents (STC), Soil Corrosivity (SC), Coating (C), External €orrosio
(EC), Desirable (D), Undesirable (UD)

227



Table C7 Fuzzy Inferencé&xternal Corrosion Modul#/Then Rule StatementSont.
26| 1f |[DMis |UD |and| CPis | D and | STCis | D and | SCois |Low | and | Cis | UD |then | ECis | Fair

27| 1f | DMis | UD | and| CPis and | STCis | D and | SCois | Mod | and | Cis | D then | ECis | Excellent
28| If |[DMis |UD |and| CPis and | STCis | D and | SCois | Mod | and | Cis |UD |then | ECis | Poor

29| If | DMis | UD |and | CPis and | STCis | D and | SCois | High | and | Cis | D then | ECis | Excellent
30| If [ DMis | UD | and| CPis and | STCis | D and | SCois | High | and | Cis | UD |then | ECis | Very Poor

and | STCis |UD | and | SCois |Low | and | Cis | D then | ECis | Excellent
and | STCis | UD | and | SCois |Low | and | Cis | UD |then | ECis | Fair

and | STCis |UD | and | SCois | Mod | and | Cis | D then | ECis | Excellent
and | STCis | UD | and | SCois |Mod | and | Cis | UD |then | ECis | Poor

35|If | DMis | UD |and| CPis and | STCis | UD | and | SCois | High| and | Cis | D then | ECis | Excellent
36| If | DMis | UD | and| CPis and | STCis |UD | and | SCois | High | and | Cis | UD |then | ECis | Very Poor
37| 1f [ DMis |UD |and| CPis | UD | and | STCis and | SCois |Low | and | Cis | D then | ECis | Excellent
38| 1f |[DMis |UD |and| CPis | UD | and | STCis and | SCois | Low | and | Cis | UD |then | ECis | Fair

39| 1If [ DMis |UD |and| CPis | UD | and | STCis and | SCois | Mod | and | Cis | D then | ECis | Excellent
40| If | DMis |UD |and| CPis | UD | and | STCis and | SCois | Mod | and | Cis | UD |then | ECis | Poor

41| 1f |DMis |UD |and| CPis | UD | and | STCis and | SCois | High | and | Cis | D then | ECis | Excellent
42 | If |DMis |UD |and| CPis | UD | and | STCis and | SCois | High | and | Cis | UD |then | ECis | Very Poor
43| If | DMis |UD |and| CPis | UD |and | STCis |UD | and | SCois |Low | and | Cis | D then | ECis | Excellent
44 | If | DMis |UD |and| CPis |UD |and | STCis | UD | and | SCois |Low | and | Cis |UD |then | ECis | Very Poor
45| If | DMis |UD |and| CPis | UD |and | STCis |UD | and | SCois | Mod | and | Cis | D then | ECis | Excellent
46 | If | DMis |UD |and| CPis |UD |and | STCis | UD | and | SCois |Mod | and | Cis | UD |then | ECis | Very Poor
47 | If | DMis |UD |and| CPis | UD |and | STCis |UD | and | SCois | High| and | Cis | D then | ECis | Excellent

48 | If |[DMis |UD |and| CPis | UD |and | STCis |UD | and | SCois | High| and | Cis | UD |then | ECis | VeryPoor
Dissimilar Metals (DM), Cathodic Protection (CP), Stray Currents (STC), Soil Corrosivity (SC), Coating (C), External €orrosio

(EC), Desirable (D), Undesirable (UD)

31|1f | DMis |UD |and | CPis
32|If |[DMis |UD |and| CPis
33| If |[DMis |UD |and| CPis
34|If |[DMis |UD |and| CPis

0|0 |0 |0 |0 |0 |0 |0 |0 |0

228



TableC.8 Fuzzy Inferencéerformance Modul#/Then Rule Statements

1|If |Clis | Excellent| and | ICis | Excellent| and | ESis | Excellent | and | ECis | Excellent | then| Pis | Excellent
2| 1f | Clis | Excellent| and | ICis | Excellent| and | ESis | Excellent | and | ECis | Good then | Pis | Good

3| If | Clis | Excellent| and | ICis | Excellent| and | ESis | Excellent | and | ECis | Fair then | Pis | Fair

4 |If | Clis | Excellent| and | ICis | Excellent| and | ESis | Excellent | and | ECis | Poor then | Pis | Poor

5| If | Clis | Excellent| and | ICis | Excellent| and | ESis | Excellent | and | ECis | Very Poor | then | Pis | Very Poor
6 | If | Clis | Excellent| and | ICis | Excellent| and | ESis | Good and | ECis | Excellent |then| Pis | Good

7| If | Clis | Excellent| and | ICis | Excellent| and | ESis | Good and | ECis | Good then | Pis | Good

8| If | Clis | Excellent| and | ICis | Excellent| and | ESis | Good and | ECis | Fair then | Pis | Fair

9| If | Clis | Excellent| and | ICis | Excelent | and | ESis | Good and | ECis | Poor then | Pis | Poor

10| If | Clis | Excellent| and | ICis | Excellent| and | ESis | Good and | ECis | Very Poor | then | Pis | Very Poor
11| If | Clis | Excellent| and | ICis | Excellent| and | ESis | Fair and | ECis | Excellent | then | Pis | Fair

12 | If | Clis | Excellent| and | ICis | Excellent| and | ESis | Fair and | ECis | Good then | Pis | Fair

13| If | Clis | Excellent| and | ICis | Excellent| and | ESis | Fair and | ECis | Fair then | Pis | Fair

14 | If | Clis | Excellent| and | ICis | Excellent| and | ESis | Fair and | ECis | Poor then | Pis | Poor

15| If | Clis | Excellent| and | ICis | Excellent| and | ESis | Fair and | ECis | Very Poor | then| Pis | Very Poor
16 | If | Clis | Excellent| and | ICis | Excellent| and | ESis | Poor and | ECis | Excellent |then| Pis | Poor

17 | If | Clis | Excellent| and | ICis | Excellent| and | ESis | Poor and | ECis | Good then | Pis | Poor

18| If | Clis | Excellent| and | ICis | Excellent| and | ESis | Poor and | ECis | Fair then | Pis | Poor

19| If | Clis | Excellent| and | ICis | Excellent| and | ESis | Poor and | ECis | Poor then | Pis | Poor

20| If | Clis | Excellent| and | ICis | Excellent| and | ESis | Poor and | ECis | Very Poor | then | Pis | Very Poor
21| If | Clis | Excellent| and | ICis | Excellent| and | ESis | Very Poor | and | ECis | Excellent | then | Pis | Very Poor
22| If | Clis | Excellent| and | ICis | Excellent| and | ESis | Very Poor | and | ECis | Good then | P is | Very Poor
23| If | Clis | Excellert | and | ICis | Excellent| and | ESis | Very Poor | and | ECis | Fair then | Pis | Very Poor
24 | If | Clis | Excellent| and | ICis | Excellent| and | ESis | Very Poor | and | ECis | Poor then | Pis | Very Poor
25| If | Clis | Excellent| and | ICis | Excellent| and | ESis | Very Poor | and | ECis | VeryPoa | then| Pis | Very Poor

Current Integrity (CI), Internal Condition (IC), External Stress (ES), External Condition (EC), Performance (P)
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Table C8 Fuzzy Inferencé&erformance Modul#/Then Rule StatementSont.

26 | If | Clis | Excellent| and | ICis | Good and | ESis | Excellent | and| ECis | Excellent |then| Pis | Good

27 | If | Clis | Excellent| and | ICis | Good and | ESis | Excellent | and | ECis | Good then | Pis | Good

28 | If | Clis | Excellent| and | ICis | Good and | ESis | Excellent | and | ECis | Fair then | Pis | Fair

29 | If | Clis | Excellent| and | ICis | Good and | ESis | Excellent | and | ECis | Poor then | Pis | Poor

30| If | Clis | Excellent| and | ICis | Good and | ESis | Excellent | and | ECis | Very Poor | then| Pis | Very Poor
31| If | Clis | Excellent| and | ICis | Good and | ESis | Good and | ECis | Excellent |then| Pis | Good

32| If | Clis | Excellent| and | ICis | Good and | ESis | Good and | ECis | Good then | Pis | Good

33| If | Clis | Excellent| and | ICis | Good and | ESis | Good and | ECis | Fair then | Pis | Fair

34| If | Clis | Excellent| and | ICis | Good and | ESis | Good and | ECis | Poor then | Pis | Poor

35| If | Clis | Excellent| and | ICis | Good and | ESis | Good and | ECis | Very Poor | then| Pis | Very Poor
36| If | Clis | Excellent| and | ICis | Good and | ESis | Fair and | ECis | Excellent | then| Pis | Fair

37| If | Clis | Excellent| and | ICis | Good and | ESis | Fair and | ECis | Good then | Pis | Fair

38| If | Clis | Excellent| and | ICis | Good and | ESis | Fair and | ECis | Fair then | Pis | Fair

39| If | Clis | Excellent| and | ICis | Good and | ESis | Fair and | ECis | Poor then | Pis | Poor

40 | If | Clis | Excellent| and | ICis | Good and | ESis | Fair and | ECis | Very Poor | then| Pis | Very Poor
41 | If | Clis | Excellent| and | ICis | Good and | ESis | Poor and | ECis | Excellent |then| Pis | Poor

42| If | Clis | Excellent| and | ICis | Good and | ESis | Poor and | ECis | Good then | Pis | Poor

43 | If | Clis | Excellent| and | ICis | Good and | ESis | Poor and | ECis | Fair then | Pis | Poor

44 | If | Clis | Excellent| and | ICis | Good and | ESis | Poor and | ECis | Poor then | Pis | Poor

45| If | Clis | Excellent| and | ICis | Good and | ESis | Poor and | ECis | Very Poor | then| Pis | Very Poor
46 | If | Clis | Excellent| and | ICis | Good and | ESis | Very Poor | and | ECis | Excellent |then| Pis | Very Poor
47 | If | Clis | Excellent| and | ICis | Good and | ESis | Very Poor | and | ECis | Good then | Pis | Very Poor
48 | If | Clis | Excellent| and | ICis | Good and | ESis | Very Poor | and | ECis | Fair then | Pis | Very Poor
49| If | Clis | Excellent| and | ICis | Good and | ESis | Very Poor | and | ECis | Poor then | Pis | Very Poor
50| If | Clis | Excellent| and | ICis | Good and | ESis | Very Poor | and | ECis | Very Poor | then| Pis | Very Poor

Current Integrity (CI), Internal Condition (IC), External Stress (ES), External Condition (EC), Performance (P)
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Table C8 Fuzzy IrferencePerformance Modul#/Then Rule StatementSont.

51| If | Clis | Excellent| and | ICis | Fair and | ESis | Excellent | and| ECis | Excellent | then| Pis | Fair
52| If | Clis | Excellent| and | ICis | Fair and | ESis | Excellent | and | ECis | Good then | Pis | Fair
53| If | Clis | Excellent| and | ICis | Fair and | ESis | Excellent | and | ECis | Fair then | Pis | Fair
54 | If | Clis | Excellent| and | ICis | Fair and | ESis | Excellent | and | ECis | Poor then | Pis | Poor
55| If | Clis | Excellent| and | ICis | Fair and | ESis | Excellent | and | ECis | Very Poor | then| Pis | Very Poor
56| If | Clis | Excellent| and | ICis | Fair and | ESis | Good and | ECis | Excellent |then| Pis | Fair
57| If | Clis | Excellent| and | ICis | Fair and | ESis | Good and | ECis | Good then | Pis | Fair
58| If | Clis | Excellent| and | ICis | Fair and | ESis | Good and | ECis | Fair then | Pis | Fair
59| If | Clis | Excellent| and | ICis | Fair and | ESis | Good and | ECis | Poor then | Pis | Poor
60| If | Clis | Excellent| and | ICis | Fair and | ESis | Good and | ECis | Very Poor | then| Pis | Very Poor
61| If | Clis | Excellent| and | ICis | Fair and | ESis | Fair and | ECis | Excellent | then| Pis | Fair
62 | If | Clis | Excellent| and | ICis | Fair and | ESis | Fair and | ECis | Good then | Pis | Fair
63| If | Clis | Excellent| and | ICis | Fair and | ESis | Fair and | ECis | Fair then | Pis | Fair
64 | If | Clis | Excellent| and | ICis | Fair and | ESis | Fair and | ECis | Poor then | Pis | Poor
65| If | Clis | Excellent| and | ICis | Fair and | ESis | Fair and | ECis | Very Poor | then| Pis | Very Poor
66 | If | Clis | Excellent| and | ICis | Fair and | ESis | Poor and | ECis | Excellent |then| Pis | Poor
67 | If | Clis | Excellent| and | ICis | Fair and | ESis | Poor and | ECis | Good then | Pis | Poor
68| If | Clis | Excellent| and | ICis | Fair and | ESis | Poor and | ECis | Fair then | Pis | Poor
69| If | Clis | Excellent| and | ICis | Fair and | ESis | Poor and | ECis | Poor then | Pis | Poor
70| If | Clis | Excellent| and | ICis | Fair and | ESis | Poor and | ECis | Very Poor | then| Pis | Very Poor
71| If | Clis | Excellent| and | ICis | Fair and | ESis | Very Poor | and | ECis | Excellent | then| Pis | Very Poor
72| If | Clis | Excellent| and | ICis | Fair and | ESis | Very Poor | and | ECis | Good then | Pis | Very Poor
73| If | Clis | Excellent| and | ICis | Fair and | ESis | VeryPoag | and | ECis | Fair then | Pis | Very Poor
74| If | Clis | Excellent| and | ICis | Fair and | ESis | Very Poor | and | ECis | Poor then | Pis | Very Poor
75| If | Clis | Excellent| and | ICis | Fair and | ESis | Very Poor | and | ECis | Very Poor | then| Pis | Very Poor
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76 | If | Clis | Excellent| and | ICis | Poor and | ESis | Excellent | and | ECis | Excellent |then| Pis | Poor

77| If | Clis | Excellent| and | ICis | Poor and | ESis | Excellent | and | ECis | Good then | Pis | Poor

78| If | Clis | Excellent| and | ICis | Poor and | ESis | Excellent | and | ECis | Fair then | Pis | Poor

79 | If | Clis | Excellent| and | ICis | Poor and | ESis | Excellent | and | ECis | Poor then | Pis | Poor

80| If | Clis | Excellent| and | ICis | Poor and | ESis | Excellent | and | ECis | Very Poor | then | Pis | Very Poor

81| If | Clis | Excellent| and | ICis | Poor and | ESis | Good and | ECis | Excellent |then| Pis | Poor

82| If | Clis | Excellent| and | ICis | Poor and | ESis | Good and | ECis | Godd then | Pis | Poor

83| If | Clis | Excellent| and | ICis | Poor and | ESis | Good and | ECis | Fair then | Pis | Poor

84 | If | Clis | Excellent| and | ICis | Poor and | ESis | Good and | ECis | Poor then | Pis | Poor

85| If | Clis | Excellent| and | ICis | Poor and | ESis | Good and | ECis | Very Poor | then| Pis | Very Poor

86| If | Clis | Excellent| and | ICis | Poor and | ESis | Fair and | ECis | Excellent | then | Pis | Poor

87 | If | Clis | Excellent| and | ICis | Poor and | ESis | Fair and | ECis | Good then | Pis | Poor

88| If | Clis | Excellent| and | ICis | Poor and | ESis | Fair and | ECis | Far then | Pis | Poor

89 | If | Clis | Excellent| and | ICis | Poor and | ESis | Fair and | ECis | Poor then | Pis | Poor

90| If | Clis | Excellent| and | ICis | Poor and | ESis | Fair and | ECis | Very Poor | then| Pis | Very Poor

91| If | Clis | Excellent| and | ICis | Poor and | ESis | Poor and | ECis | Excellent |then| Pis | Poor

92 | If | Clis | Excellent| and | ICis | Poor and | ESis | Poor and | ECis | Good then | Pis | Poor

93| If | Clis | Excellent| and | ICis | Poor and | ESis | Poor and | ECis | Fair then | Pis | Poor

94 | If | Clis | Excellent| and | ICis | Poor and | ESis | Poor and | ECis | Poor then | Pis | Poor

95| If | Clis | Excellent| and | ICis | Poor and | ESis | Poor and | ECis | Very Poor | then| Pis | Very Poor

96 | If | Clis | Excellent| and | ICis | Poor and | ESis | VeryPoor | and | ECis | Excellent | then | Pis | Very Poor

97 | If | Clis | Excellent| and | ICis | Poor and | ESs | VeryPoor | and | ECis | Good then | P is | Very Poor

98 | If | Clis | Excellent| and | ICis | Poor and | ESis | VeryPoor | and | ECis | Fair then | P is | Very Poor

99 | If | Clis | Excellent| and | ICis | Poor and | ESis | Very Poor | and | ECis | Poor then | Pis | Very Poor
100 | If | Clis | Excellent| and | ICis | Poor and | ESis | VeryPoor | and | ECis | Very Poor | then | Pis | Very Poor

Current Integrity (CI), Internal Condition (IC), External Stress (ES), External Condition (EC), Performance (P)

232



Table C8 Fuzzy Inferencé&erformance Modul#/Then Rule StatemesCont.

101 | If | Clis | Excellent| and | ICis | VeryPoor | and | ESis | Excellent | and| ECis | Excellent |then| Pis | Very Poor
102 | If | Clis | Excellent| and | ICis | Very Poor | and | ESis | Excellent | and | ECis | Good then | Pis | Very Poor
103 | If | Clis | Excellent| and | ICis | Very Poor | and | ESis | Excellent | and | ECis | Fair then | Pis | Very Poor
104 | If | Clis | Excellent| and | ICis | Very Poor | and | ESis | Excellent | and | ECis | Poor then | Pis | Very Poor
105| If | Clis | Excellent| and | ICis | VeryPoor | and | ESis | Excellent | and | ECis | Very Poor | then| Pis | Very Poor
106 | If | Clis | Excellent| and | ICis | Very Poor | and | ESis | Good and | ECis | Excellent | then| Pis | Very Poor
107 | If | Clis | Excellent| and | ICis | Very Poor | and | ESis | Good and | ECis | Good then | Pis | Very Poor
108 | If | Clis | Excellent| and | ICis | Very Poor | and | ESis | Good and | ECis | Fair then | Pis | Very Poor
109 | If | Clis | Excellent| and | ICis | Very Poor | and | ESis | Good and | ECis | Poor then | Pis | Very Poor
110| If | Clis | Excellent| and | ICis | Very Poor | and | ESis | Good and | ECis | Very Poor | then | Pis | Very Poor
111 | If | Clis | Excellent| and | ICis | Very Poor | and | ESis | Fair and | ECis | Excellent |then | Pis | Very Poor
112 | If | Clis | Excellent| and | ICis | Very Poor | and | ESis | Fair and | ECis | Good then | Pis | Very Poor
113 | If | Clis | Excellent| and | ICis | Very Poor | and | ESis | Fair and | ECis | Fair then | Pis | Very Poor
114 | If | Clis | Excellent| and | ICis | Very Poor | and | ESis | Fair and | ECis | Poor then | Pis | Very Poor
115| If | Clis | Excellent| and | ICis | Very Poor | and | ESis | Fair and | ECis | Very Poor | then | Pis | Very Poor
116 | If | Clis | Excellent| and | ICis | Very Poor | and | ESis | Poor and | ECis | Excellent | then| Pis | Very Poor
117 | If | Clis | Excellent| and | ICis | Very Poor | and | ESis | Poor and | ECis | Good then | Pis | Very Poor
118 | If | Clis | Excellent| and | ICis | Very Poor | and | ESis | Poor and | ECis | Fair then | Pis | Very Poor
119| If | Clis | Excellent| and | ICis | Very Poor | and | ESis | Poor and | ECis | Poor then | Pis | Very Poor
120 | If | Clis | Excellent| and | ICis | Very Poor | and | ESis | Poor and | ECis | Very Poor | then| Pis | Very Poor
121 | If | Clis | Excellent| and | ICis | Very Poor | and | ESis | Very Poor | and | ECis | Excellent | then | Pis | Very Poor
122 | If | Clis | Excellent| and | ICis | Very Poor | and | ESis | Very Poor | and | ECis | Good then | Pis | Very Poor
123 | If | Clis | Excellent| and | ICis | Very Poor | and | ESis | Very Poor | and | ECis | Fair then | Pis | Very Poor
124 | If | Clis | Excellent| and | ICis | Very Poor | and | ESis | Very Poor | and | ECis | Poor then | Pis | Very Poor
125| If | Clis | Excellent| and | ICis | VeryPoor | and | ESis | Very Poor | and | ECis | Very Poor | then| Pis | Very Poor
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126 | If | Clis | Good and | ICis | Excellent| and | ESis | Excellent | and | ECis | Excellent |then| Pis | Good

127 | If | Clis | Good and | ICis | Excellent| and | ESis | Excellent | and | ECis | Good then | Pis | Good

128 | If | Clis | Good and | ICis | Excellent| and | ESis | Excellent | and | ECis | Fair then | Pis | Fair

129| If | Clis | Good and | ICis | Excellent| and | ESis | Excellent | and | ECis | Poor then | Pis | Poor

130 If | Clis | Good and | ICis | Excellent| and | ESis | Excellent | and | ECis | Very Poor | then | Pis | Very Poor
131 | If | Clis | Good and | ICis | Excellent| and | ESis | Good and | ECis | Excellent |then| Pis | Good

132 | If | Clis | Good and | ICis | Excellent| and | ESis | Good and | ECis | Good then | Pis | Good

133| If | Clis | Good and | ICis | Excellent| and | ESis | Good and | ECis | Fair then | Pis | Fair

134 | If | Clis | Good and | ICis | Excellent| and | ESis | Good and | ECis | Poor then | Pis | Poor

135]| If | Clis | Good and | ICis | Excellent| and | ESis | Good and | ECis | Very Poor | then| Pis | Very Poor
136 | If | Clis | Good and | ICis | Excellent| and | ESis | Fair and | ECis | Excellent | then| Pis | Fair

137 | If | Clis | Good and | ICis | Excellent| and | ESis | Fair and | ECis | Good then | Pis | Fair

138 | If | Clis | Good and | ICis | Excellent| and | ESis | Fair and | ECis | Fair then | Pis | Fair

139 | If | Clis | Good and | ICis | Excellent| and | ESis | Fair and | ECis | Poor then | Pis | Poor

140| If | Clis | Good and | ICis | Excellent| and | ESis | Fair and | ECis | Very Poor | then| Pis | Very Poor
141 | If | Clis | Good and | ICis | Excellent| and | ESis | Poor and | ECis | Excellent |then| Pis | Poor

142 | If | Clis | Good and | ICis | Excdlent | and | ESis | Poor and | ECis | Good then | Pis | Poor

143 | If | Clis | Good and | ICis | Excellent| and | ESis | Poor and | ECis | Fair then | Pis | Poor

144 | If | Clis | Good and | ICis | Excellent| and | ESis | Poor and | ECis | Poor then | Pis | Poor

145| If | Clis | Good and | ICis | Excellen | and | ESis | Poor and | ECis | Very Poor | then | Pis | Very Poor
146 | If | Clis | Good and | ICis | Excellent| and | ESis | Very Poor | and | ECis | Excellent |then| Pis | Very Poor
147 | If | Clis | Good and | ICis | Excellent| and | ESis | Very Poor | and | ECis | Good then | Pis | Very Poor
148 | If | Clis | Good and | ICis | Excellent| and | ESis | Very Poor | and | ECis | Fair then | Pis | Very Poor
149| If | Clis | Good and | ICis | Excellent| and | ESis | Very Poor | and | ECis | Poor then | Pis | Very Poor
150 If | Clis | Good and | ICis | Excellent| and | ESis | Very Poor | and | ECis | VeryPoor | then| Pis | Very Poor
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151 | If | Clis | Good and | ICis | Good and | ESis | Excellent | and| ECis | Excellent |then|Pis | Good

152 | If | Clis | Good and | ICis | Good and | ESis | Excellent | and | ECis | Good then | Pis | Good

153 | If | Clis | Good and | ICis | Good and | ESis | Excellent | and | ECis | Fair then | Pis | Fair

154 | If | Clis | Good and | ICis | Good and | ESis | Excellent | and| ECis | Poor then | Pis | Poor

155 If | Clis | Good and | ICis | Good and | ESis | Excellent | and | ECis | Very Poor | then| Pis | Very Poor
156 | If | Clis | Good and | ICis | Good and | ESis | Good and | ECis | Excellent |then| Pis | Good

157 | If | Clis | Good and | ICis | Good and | ESis | Good and | ECis | Good then | Pis | Good

158 | If | Clis | Good and | ICis | Good and | ESis | Good and | ECis | Fair then | Pis | Fair

159 | If | Clis | Good and | ICis | Good and | ESis | Good and | ECis | Poor then | Pis | Poor

160 | If | Clis | Good and | ICis | Good and | ESis | Good and | ECis | Very Poor | then | Pis | Very Poor
161 | If | Clis | Good and | ICis | Good and | ESis | Fair and | ECis | Excellent | then| Pis | Fair

162 | If | Clis | Good and | ICis | Good and | ESis | Fair and | ECis | Good then | Pis | Fair

163 | If | Clis | Good and | ICis | Good and | ESis | Fair and | ECis | Fair then | Pis | Fair

164 | If | Clis | Good and | ICis | Good and | ESis | Fair and | ECis | Poor then | Pis | Poor

165| If | Clis | Good and | ICis | Good and | ESis | Fair and | ECis | Very Poor | then| Pis | Very Poor
166 | If | Clis | Good and | ICis | Good and | ESis | Poor and | ECis | Excellent |then| Pis | Poor

167 | If | Clis | Good and | ICis | Good and | ESis | Poor and | ECis | Good then | Pis | Poor

168 | If | Clis | Good and | ICis | Good and | ESis | Poor and | ECis | Fair then | Pis | Poor

169 | If | Clis | Good and | ICis | Good and | ESis | Poor and | ECis | Poor then | Pis | Poor

170| If | Clis | Good and | ICis | Good and | ESis | Poor and | ECis | Very Poor | then| Pis | Very Poor
171]If | Clis | Good and | ICis | Good and | ESis | Very Poor | and | ECis | Excellent | then| Pis | Very Poor
172 | If | Clis | Good and | ICis | Good and | ESis | Very Poor | and | ECis | Good then | Pis | Very Poor
173]| If | Clis | Good and | ICis | Good and | ESis | Very Poor | and | ECis | Fair then | Pis | Very Poor
174 If | Clis | Good and | ICis | Good and | ESis | Very Poor | and | ECis | Poor then | Pis | Very Poor
175 If | Clis | Good and | ICis | Good and | ESis | Very Poor | and | ECis | Very Poor | then| Pis | Very Poor
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176 | If | Clis | Good and | ICis | Fair | and | ESis | Excellent | and| ECis | Excellent |then| Pis | Fair
177 | If | Clis | Good and | ICis | Fair | and | ESis | Excellent | and | ECis | Good then | Pis | Fair
178 | If | Clis | Good and | ICis | Fair | and | ESis | Excellent | and| ECis | Fair then | Pis | Fair
179| If | Clis | Good and | ICis | Fair | and | ESis | Excellent | and | ECis | Poor then | Pis | Poor
180 | If | Clis | Good and | ICis | Fair | and| ESis | Excellent | and | ECis | Very Poor | then | Pis | Very Poor
181 | If | Clis | Good and | ICis | Fair | and| ESis | Good and | ECis | Excellent |then| Pis | Fair
182 | If | Clis | Good and | ICis | Fair | and | ESis | Good and | ECis | Good then | Pis | Fair
183 | If | Clis | Good and | ICis | Fair | and | ESis | Good and | ECis | Fair then | Pis | Fair
184 | If | Clis | Good and | ICis | Fair | and | ESis | Good and | ECis | Poor then | Pis | Poor
185]| If | Clis | Good and | ICis | Fair | and | ESis | Good and | ECis | Very Poor | then | Pis | Very Poor
186 | If | Clis | Good and | ICis | Fair | and | ESis | Fair and | ECis | Excellent | then| Pis | Fair
187 | If | Clis | Good and | ICis | Fair | and | ESis | Fair and | ECis | Good then | Pis | Fair
188 | If | Clis | Good and | ICis | Fair | and | ESis | Fair and | ECis | Fair then | Pis | Fair
189 | If | Clis | Good and | ICis | Fair | and | ESis | Fair and | ECis | Poor then | Pis | Poor
190 | If | Clis | Good and | ICis | Fair | and | ESis | Fair and | ECis | Very Poor | then | Pis | Very Poor
191 | If | Clis | Good and | ICis | Fair | and | ESis | Poor and | ECis | Excellent then | Pis | Poor
192 | If | Clis | Good and | ICis | Fair | and | ESis | Poor and | ECis | Good then | Pis | Poor
193] If | Clis | Good and | ICis | Fair | and | ESis | Poor and | ECis | Fair then | Pis | Poor
194 | If | Clis | Good and | ICis | Fair | and | ESis | Poor and | ECis | Poor then | Pis | Poor
195| If | Clis | Good and | ICis | Fair | and | ESis | Poor and | ECis | Very Poor | then | Pis | Very Poor
196 | If | Clis | Good and | ICis | Fair | and | ESis | VeryPoor | and | ECis | Excellent | then | Pis | Very Poor
197 | If | Clis | Good and | ICis | Fair | and| ESis | VeryPoor | and | ECis | Good then | Pis | Very Poor
198 | If | Clis | Good and | ICis | Fair | and| ESis | VeryPoor | and | ECis | Fair then | Pis | Very Poor
199| If | Clis | Good and | ICis | Fair | and | ESis | Very Poor | and | ECis | Poor then | P is | Very Poor
200 | If | Clis | Good and | ICis | Fair | and | ESis | VeryPoor | and | ECis | Very Poor | then | Pis | Very Poor
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201 | If | Clis | Good and | ICis | Poor | and | ESis | Excellent | and| ECis | Excellent |then|Pis | Poor
202 | If | Clis | Good and | ICis | Poor | and | ESis | Excellent | and | ECis | Good then | Pis | Poor
203 | If | Clis | Good and | ICis | Poor | and | ESis | Excellent | and| ECis | Fair then | Pis | Poor
204 | If | Clis | Good and | ICis | Poor | and | ESis | Excellent | and| ECis | Poor then | Pis | Poor
205| If | Clis | Good and | ICis | Poor | and | ESis | Excellent | and | ECis | Very Poor | then | Pis | Very Poor
206 | If | Clis | Good and | ICis | Poor | and | ESis | Good and | ECis | Excellent |then| Pis | Poor
207 | If | Clis | Good and | ICis | Poor | and | ESis | Good and | ECis | Good then | Pis | Poor
208 | If | Clis | Good and | ICis | Poor | and | ESis | Good and | ECis | Fair then | Pis | Poor
209 | If | Clis | Good and | ICis | Poor | and | ESis | Good and | ECis | Poor then | Pis | Poor
210| If | Clis | Good and | ICis | Poor | and | ESis | Good and | ECis | Very Poor | then| Pis | Very Poor
211 | If | Clis | Good and | ICis | Poor | and | ESis | Fair and | ECis | Excellent | then| Pis | Poor
212 | If | Clis | Good and | ICis | Poor | and | ESis | Fair and | ECis | Good then | Pis | Poor
213 | If | Clis | Good and | ICis | Poor | and | ESis | Fair and | ECis | Fair then | Pis | Poor
214 | If | Clis | Good and | ICis | Poor | and | ESis | Fair and | ECis | Poor then | Pis | Poor
215| If | Clis | Good and | ICis | Poor | and | ESis | Fair and | ECis | Very Poor | then| Pis | Very Poor
216 | If | Clis | Good and | ICis | Poor | and | ESis | Poor and | ECis | Excdlent then | Pis | Poor
217 | If | Clis | Good and | ICis | Poor | and | ESis | Poor and | ECis | Good then | Pis | Poor
218 | If | Clis | Good and | ICis | Poor | and | ESis | Poor and | ECis | Fair then | Pis | Poor
219 | If | Clis | Good and | ICis | Poor | and | ESis | Poor and | ECis | Poor then | Pis | Poa
220 | If | Clis | Good and | ICis | Poor | and | ESis | Poor and | ECis | Very Poor | then| Pis | Very Poor
221 | If | Clis | Good and | ICis | Poor | and | ESis | VeryPoor | and | ECis | Excellent |then| Pis | Very Poor
222 | If | Clis | Good and | ICis | Poor | and | ESis | VeryPoor | and | ECis | Good then | Pis | Very Poor
223 | If | Clis | Good and | ICis | Poor | and | ESis | Very Poor | and | ECis | Fair then | Pis | Very Poor
224 | If | Clis | Good and | ICis | Poor | and | ESis | Very Poor | and | ECis | Poor then | Pis | Very Poor
225| If | Clis | Good and | ICis | Poor | and | ESis | Very Poor | and | ECis | Very Poor | then| Pis | Very Poor
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226 | If | Clis | Good |and|ICis | VeryPoor |and| ESis | Excellent | and| ECis | Excellent |then| Pis | Very Poor
227 | If | Clis | Good |and | ICis | VeryPoor | and | ESis | Excellent | and| ECis | Good then | Pis | Very Poor
228 | If | Clis | Good | and | ICis | VeryPoor | and | ESis | Excellent | and| ECis | Fair then | Pis | Very Poor
229 | If | Clis | Good |and|ICis | VeryPoor | and | ESis | Excellent | and | ECis | Poor then | Pis | Very Poor
230 | If | Clis | Good |and|ICis | VeryPoor | and | ESis | Excellent | and| ECis | Very Poor | then | Pis | Very Poor
231 | If | Clis | Good | and | ICis | VeryPoor | and | ESis | Good and | ECis | Excellent |then| Pis | Very Poor
232 | If | Clis | Good |and|ICis | VeryPoor | and | ESis | Good and | ECis | Good then | Pis | Very Poor
233|If | Clis | Good | and|ICis | VeryPoor | and | ESis | Good and | ECis | Fair then | Pis | Very Poor
234 |If | Clis | Good | and | ICis | VeryPoor | and | ESis | Good and | ECis | Poor then | Pis | Very Poor
235|If | Clis | Good | and | ICis | VeryPoor | and | ESis | Good and | ECis | Very Poor | then| Pis | Very Poor
236 | If | Clis | Good |and|ICis | VeryPoor | and | ESis | Fair and | ECis | Excellent | then| Pis | Very Poor
237 |If | Clis | Good |and|ICis | VeryPoor | and | ESis | Fair and | ECis | Good then | Pis | Very Poor
238 | If | Clis | Good |and|ICis | VeryPoor | and | ESis | Fair and | ECis | Fair then | Pis | Very Poor
239 | If | Clis | Good |and|ICis | VeryPoor | and | ESis | Fair and | ECis | Poor then | Pis | Very Poor
240 | If | Clis | Good |and|ICis | VeryPoor | and | ESis | Fair and | ECis | Very Poor | then| Pis | Very Poor
241 | If | Clis | Good |and|ICis | VeryPoor | and | ESis | Poor and | ECis | Excellent |then| Pis | Very Poor
242 | If | Clis | Good |and|ICis | VeryPoor | and | ESis | Poor and | ECis | Good then | Pis | Very Poa
243 |If | Clis | Good |and|ICis | VeryPoor | and | ESis | Poor and | ECis | Fair then | Pis | Very Poor
244 | If | Clis | Good |and | ICis | VeryPoor | and | ESis | Poor and | ECis | Poor then | Pis | Very Poor
245|If | Clis | Good | and | ICis | VeryPoor | and | ESis | Poor and | ECis | Very Poor | then| Pis | Very Poor
246 | If | Clis | Good | and | ICis | VeryPoor | and | ESis | Very Poor | and | ECis | Excellent | then | Pis | Very Poor
247 | If | Clis | Good | and | ICis | VeryPoor | and | ESis | Very Poor | and | ECis | Good then | Pis | Very Poor
248 | If | Clis | Good | and | ICis | VeryPoor | and | ESis | Very Poor | and | ECis | Fair then | Pis | Very Poor
249 | If | Clis | Good |and|ICis | VeryPoor | and | ESis | Very Poor | and | ECis | Poor then | Pis | Very Poor
250 | If | Clis | Good | and | ICis | VeryPoor | and| ESis | VeryPoor | and | ECis | Very Poor | then | Pis | Very Poor
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251 | If |Clis | Fair |and|ICis | Excellent | and | ESis | Excellent | and| ECis | Excellent |then| Pis | Fair
252 | If | Clis | Fair |and|ICis | Excellent | and | ESis | Excellent | and | ECis | Good then | Pis | Fair
253 | If | Clis | Fair |and|ICis | Excellent | and | ESis | Excellent | and | ECis | Fair then | Pis | Fair
254 | If | Clis | Fair | and| ICis | Excellent | and | ESis | Excellent | and | ECis | Poor then | Pis | Poor
255|If | Clis | Fair | and|ICis | Excellent | and | ESis | Excellent | and | ECis | Very Poor | then | Pis | Very Poor
256 | If | Clis | Fair | and|ICis | Excellent | and | ESis | Good and | ECis | Excellent |then| Pis | Fair
257 | If | Clis | Fair | and| ICis | Excellent | and | ESis | Good and | ECis | Good then | Pis | Fair
258 | If | Clis | Fair | and|ICis | Excellent | and | ESis | Good and | ECis | Fair then | Pis | Fair
259 | If | Clis | Fair | and| ICis | Excellent | and | ESis | Good and | ECis | Poor then | Pis | Poor
260 | If | Clis | Fair | and|ICis | Excellent | and | ESis | Good and | ECis | Very Poor | then | Pis | Very Poor
261 | If [ Clis | Fair | and|ICis | Excellent | and | ESis | Fair and | ECis | Excellent | then| Pis | Fair
262 | If | Clis | Fair | and | ICis | Excellent | and | ESis | Fair and | ECis | Good then | Pis | Fair
263 | If | Clis | Fair | and | ICis | Excellent | and | ESis | Fair and | ECis | Fair then | Pis | Fair
264 | If | Clis | Fair | and | ICis | Excellent | and | ESis | Fair and | ECis | Poor then | Pis | Poor
265|If | Clis | Fair | and | ICis | Excellent | and | ESis | Fair and | ECis | Very Poor | then | Pis | Very Poor
266 | If | Clis | Fair | and| ICis | Excdlent | and | ESis | Poor and | ECis | Excellent |then| Pis | Poor
267 |If | Clis | Fair | and| ICis | Excellent | and | ESis | Poor and | ECis | Good then | Pis | Poor
268 | If | Clis | Fair | and| ICis | Excellent | and | ESis | Poor and | ECis | Fair then | Pis | Poor
269 | If | Clis | Fair | and| ICis | Excellent | and | ESis | Poor and | ECis | Poor then | Pis | Poor
270 | If | Clis | Fair | and | ICis | Excellent | and | ESis | Poor and | ECis | Very Poor | then | Pis | Very Poor
271 | If | Clis | Fair | and| ICis | Excellent | and | ESis | Very Poor | and | ECis | Excellent | then| Pis | Very Poor
272 | If | Clis | Fair |and|ICis | Excellent | and | ESis | Very Poor | and | ECis | Good then | P is | Very Poor
273 | If [ Clis | Fair |and|ICis | Excellent | and | ESis | Very Poor | and | ECis | Fair then | P is | Very Poor
274 | If | Clis | Fair | and| ICis | Excellent | and | ESis | Very Poor | and | ECis | Poor then | P is | Very Poor
275|If | Clis | Fair |and|ICis | Excellent | and | ESis | VeryPoor | and | ECis | Very Poor | then | Pis | Very Poor
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276 | If | Clis | Fair |and|ICis | Good | and | ESis | Excellent | and| ECis | Excellent |then| Pis | Fair
277 | 1f | Clis | Fair |and|ICis | Good | and | ESis | Excellent | and| ECis | Good then | Pis | Fair
278 | 1f | Clis | Fair |and|ICis | Good | and | ESis | Excellent | and| ECis | Fair then | Pis | Fair
279 | If | Clis | Fair |and|ICis | Good | and | ESis | Excellent | and | ECis | Poor then | Pis | Poor
280 | If [ Clis | Fair |and|ICis | Good | and | ESis | Excellent | and| ECis | Very Poor | then| Pis | Very Poor
281 | If | Clis | Fair |and|ICis | Goad | and | ESis | Good and | ECis | Excellent |then| Pis | Fair
282 | If | Clis | Fair |and|ICis | Good | and | ESis | Good and | ECis | Good then | Pis | Fair
283|If [Clis | Fair |and|ICis | Good | and | ESis | Good and | ECis | Fair then | Pis | Fair
284 | If | Clis | Fair |and|ICis | Good | and | ESis | Good and | ECis | Poor then | Pis | Poor
285|If [Clis | Fair |and|ICis | Good | and | ESis | Good and | ECis | Very Poor | then| Pis | Very Poor
286 | If [Clis | Fair |and|ICis | Good | and | ESis | Fair and | ECis | Excellent | then| Pis | Fair
287 | If | Clis | Fair |and|ICis | Good | and | ESis | Fair and | ECis | Good then | Pis | Fair
288 | If [Clis | Fair |and|ICis | Good | and | ESis | Fair and | ECis | Fair then | Pis | Fair
289 | If | Clis | Fair |and|ICis | Good | and | ESis | Fair and | ECis | Poor then | Pis | Poor
290 | If [ Clis | Fair |and|ICis | Good | and | ESis | Fair and | ECis | Very Poor | then| Pis | Very Poor
291 | If [Clis | Fair |and|ICis | Good | and | ESis | Poor and | ECis | Excellent | then| Pis | Poor
292 | If |[Clis | Fair |and|ICis | Good | and | ESis | Poor and | ECis | Good then | Pis | Poor
293 | If [Clis | Fair |and|ICis | Good | and | ESis | Poor and | ECis | Fair then | Pis | Poor
294 | If | Clis | Fair |and|ICis | Good | and | ESis | Poor and | ECis | Poor then | Pis | Poor
295|If | Clis | Fair |and|ICis | Good | and | ESis | Poor and | ECis | Very Poor | then| Pis | Very Poor
296 | If | Clis | Fair |and|ICis | Good | and | ESis | VeryPoor | and | ECis | Excellent |then| Pis | Very Poor
297 | If | Clis | Fair |and|ICis | Good | and | ESis | VeryPoor | and | ECis | Good then | Pis | Very Poor
298| If [Clis | Fair |and|ICis | Good | and | ESis | Very Poor | and | ECis | Fair then | Pis | Very Poor
299 | If | Clis | Fair |and|ICis | Good | and | ESis | Very Poor | and | ECis | Poor then | Pis | Very Poor
300 If |Clis | Fair |and|ICis | Good | and | ESis | Very Poor | and | ECis | Very Poor | then| Pis | Very Poor

Current Integrity (CI), Internal Condition (IC), External Stress (ES), External Condition (EC), Performance (P)

240




Table C8 Fuzzy Inferencé&erformance Modul#/Then Rule StatementSont.

301 | If | Clis | Fair and | ICis | Fair | and| ESis | Excellent | and| ECis | Excellent |then| Pis | Fair
302 | If | Clis | Fair and | ICis | Fair | and | ESis | Excellent | and | ECis | Good then | Pis | Fair
303 | If | Clis | Fair and | ICis | Fair | and | ESis | Excellent | and| ECis | Fair then | Pis | Fair
304 | If | Clis | Fair and | ICis | Fair | and | ESis | Excellent | and | ECis | Poor then | Pis | Poor
305]| If | Clis | Fair and | ICis | Fair | and | ESis | Excellent | and | ECis | Very Poor | then | Pis | Very Poor
306 | If | Clis | Fair and | ICis | Fair | and| ESis | Good and | ECis | Excellent |then| Pis | Fair
307 | If | Clis | Fair and | ICis | Fair | and | ESis | Good and | ECis | Good then | Pis | Fair
308 | If | Clis | Fair and | ICis | Fair | and | ESis | Good and | ECis | Fair then | Pis | Fair
309 | If | Clis | Fair and | ICis | Fair | and | ESis | Good and | ECis | Poor then | Pis | Poor
310 If | Clis | Fair and | ICis | Fair | and | ESis | Good and | ECis | Very Poor | then | Pis | Very Poor
311 | If | Clis | Fair and | ICis | Fair | and | ESis | Fair and | ECis | Excellent | then| Pis | Fair
312 | If | Clis | Fair and | ICis | Fair | and | ESis | Farr and | ECis | Good then | Pis | Fair
313 | If | Clis | Fair and | ICis | Fair | and | ESis | Fair and | ECis | Fair then | Pis | Fair
314 | If | Clis | Fair and | ICis | Fair | and | ESis | Fair and | ECis | Poor then | Pis | Poor
315 If | Clis | Fair and | ICis | Fair | and | ESis | Fair and | ECis | Very Por |then| Pis | Very Poor
316 | If | Clis | Fair and | ICis | Fair | and | ESis | Poor and | ECis | Excellent |then| Pis | Poor
317 | If | Clis | Fair and | ICis | Fair | and | ESis | Poor and | ECis | Good then | Pis | Poor
318 | If | Clis | Fair and | ICis | Fair | and | ESis | Poor and | ECis | Fair then | Pis | Poor
319 | If | Clis | Fair and | ICis | Fair | and | ESis | Poor and | ECis | Poor then | Pis | Poor
320 If | Clis | Fair and | ICis | Fair | and | ESis | Poor and | ECis | Very Poor | then | Pis | Very Poor
321 | If | Clis | Fair and | ICis | Fair | and | ESis | VeryPoor | and | ECis | Excellent | then | Pis | Very Poor
322 | If | Clis | Fair and | ICis | Fair | and| ESis | VeryPoor | and | ECis | Good then | Pis | Very Poor
323 | If | Clis | Fair and | ICis | Fair | and| ESis | VeryPoor | and | ECis | Fair then | Pis | Very Poor
324 | If | Clis | Fair and | ICis | Fair | and | ESis | Very Poor | and | ECis | Poor then | P is | Very Poor
325| If | Clis | Fair and | ICis | Fair | and | ESis | VeryPoor | and | ECis | Very Poor | then | Pis | Very Poor
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326 | If | Clis | Fair |and|ICis | Poor | and | ESis | Excellent | and | ECis | Excellent |then| Pis | Poor
327 | If | Clis | Fair |and|ICis | Poor | and | ESis | Excellent | and | ECis | Good then | Pis | Poor
328 | If |Clis |Fair |and|ICis | Poad |and| ESis | Excellent | and | ECis | Fair then | Pis | Poor
329 | If |Clis | Fair |and|ICis | Poor | and | ESis | Excellent | and | ECis | Poor then | Pis | Poor
330 If [Clis | Fair |and|ICis | Poor | and| ESis | Excellent | and | ECis | Very Poor | then| Pis | Very Poor
331|If |Clis | Fair |and|ICis | Poor | and| ESis | Good and | ECis | Excellent |then| Pis | Poor
332|If |[Clis | Fair |and|ICis | Poor | and| ESis | Good and | ECis | Good then | Pis | Poor
333|If |Clis | Fair |and|ICis | Poor | and | ESis | Good and | ECis | Fair then | Pis | Poor
334|If |Clis | Fair |and|ICis | Poor | and| ESis | Good and | ECis | Poor then | Pis | Poor
335|If |Clis | Fair |and|ICis | Poor | and | ESis | Good and | ECis | Very Poor | then | Pis | Very Poor
336|If | Clis | Fair |and|ICis | Poor | and | ESis | Fair and | ECis | Excellent | then | Pis | Poor
337|If | Clis | Fair |and|ICis | Poor | and| ESis | Fair and | ECis | Good then | Pis | Poor
338|If |Clis | Fair |and|ICis | Poor | and | ESis | Fair and | ECis | Fair then | Pis | Poor
339|If |[Clis | Fair |and|ICis | Poor | and| ESis | Fair and | ECis | Poor then | Pis | Poor
340 | If |Clis | Fair |and|ICis | Poor | and | ESis | Fair and | ECis | VeryPoor | then| Pis | Very Poor
341 | If |Clis | Fair |and|ICis | Poor | and| ESis | Poor and | ECis | Excellent |then| Pis | Poor
342 1f | Clis | Fair |and|ICis | Poor | and| ESis | Poor and | ECis | Good then | Pis | Poor
343 | If | Clis | Fair |and|ICis | Poor | and | ESis | Poor and | ECis | Fair then | Pis | Poor
344 | 1f | Clis | Fair |and|ICis | Poor | and| ESis | Poor and | ECis | Poor then | Pis | Poor
345|If | Clis | Fair |and|ICis | Poor | and | ESis | Poor and | ECis | Very Poor | then | Pis | Very Poor
346 | If | Clis | Fair |and|ICis | Poor | and | ESis | VeryPoor | and | ECis | Excellent | then| Pis | Very Poor
347 | If | Clis | Fair |and|ICis | Poor | and | ESis | VeryPoor | and | ECis | Good then | Pis | Very Poor
348 | If | Clis | Fair |and|ICis | Poor | and| ESis | Very Poor | and | ECis | Fair then | Pis | Very Poor
349 | If | Clis | Fair |and|ICis | Poor | and | ESis | Very Poor | and | ECis | Poor then | P is | Very Poor
350 If [Clis | Fair |and|ICis | Poor | and| ESis | VeryPoor | and | ECis | Very Poor | then| Pis | Very Poor
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351|If |Clis |Fair |and|ICis | VeryPoor | and | ESis | Excellent | and| ECis | Excellent |then| Pis | Very Poor
352 | If [Clis |Fair |and|ICis | VeryPoor | and | ESis | Excellent | and| ECis | Good then | Pis | Very Poor
353 | If | Clis |Fair |and|ICis | VeryPoor | and | ESis | Excellent | and| ECis | Fair then | Pis | Very Poor
354 | 1If [Clis |Fair |and|ICis | VeryPoor | and | ESis | Excellent | and| ECis | Poor then | Pis | Very Poor
355|If [Clis |Fair |and|ICis | VeryPoor | and | ESis | Excellent | and| ECis | VeryPoag |then| Pis | Very Poor
356 | If | Clis | Fair |and|ICis | VeryPoor | and | ESis | Good and | ECis | Excellent |then| Pis | Very Poor
357 |If | Clis | Fair |and| ICis | VeryPoor | and | ESis | Good and | ECis | Good then | Pis | Very Poor
358 | If | Clis | Fair |and|ICis | VeryPoor | and | ESis | Good and | ECis | Fair then | Pis | Very Poor
359 If | Clis | Fair |and| ICis | VeryPoor | and | ESis | Good and | ECis | Poor then | Pis | Very Poor
360 | If | Clis | Fair |and|ICis | VeryPoor | and| ESis | Good and | ECis | Very Poor | then| Pis | Very Poor
361|If | Clis | Fair |and|ICis | VeryPoor | and | ESis | Fair and | ECis | Excellent | then| Pis | Very Poor
362 | If | Clis | Fair | and | ICis | VeryPoor | and | ESis | Fair and | ECis | Good then | Pis | Very Poor
363 | If | Clis | Fair |and|ICis | VeryPoor | and | ESis | Fair and | ECis | Fair then | Pis | Very Poor
364 | If | Clis | Fair | and| ICis | VeryPoor | and | ESis | Fair and | ECis | Poor then | Pis | Very Poor
365|If | Clis | Fair |and|ICis | VeryPoor | and | ESis | Fair and | ECis | Very Poor | then| Pis | Very Poor
366 | If | Clis | Fair | and | ICis | VeryPoor | and | ESis | Poor and | ECis | Excellent |then| Pis | Very Poo
367 |If |Clis | Fair |and|ICis | VeryPoor | and | ESis | Poor and | ECis | Good then | Pis | Very Poor
368 | If | Clis | Fair |and|ICis | VeryPoor | and | ESis | Poor and | ECis | Fair then | Pis | Very Poor
369 | If | Clis | Fair |and | ICis | VeryPoor | and | ESis | Poor and | ECis | Poor then | Pis | Very Poor
370 | If | Clis | Fair |and|ICis | VeryPoor | and | ESis | Poor and | ECis | Very Poor | then| Pis | Very Poor
371 1f | Clis | Fair |and|ICis | VeryPoor | and | ESis | VeryPoor | and | ECis | Excellent |then| Pis | Very Poor
372|If |Clis | Fair |and|ICis | VeryPoor | and | ESis | Very Poor | and | ECis | Good then | Pis | Very Poor
373|If |Clis | Fair |and|ICis | VeryPoor | and| ESis | Very Poor | and | ECis | Fair then | Pis | Very Poor
374 1f | Clis | Fair |and|ICis | VeryPoor | and| ESis | Very Poor | and | ECis | Poor then | Pis | Very Poor
375|1f [Clis |Fair |and|ICis | VeryPoor | and | ESis | Very Poor | and | ECis | Very Poor | then| Pis | Very Poor
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376 | If | Clis | Poor |and | ICis | Excellent | and | ESis | Excellent | and| ECis | Excellent |then| Pis | Poor
377|1f | Clis | Poor | and| ICis | Excellent | and | ESis | Excellent | and | ECis | Good then | Pis | Poor
378|If | Clis | Poor |and|ICis | Excellent | and | ESis | Excellent | and| ECis | Fair then | Pis | Poor
379 If | Clis | Poor | and| ICis | Excellent | and | ESis | Excellent | and | ECis | Poor then | Pis | Poor
380 If [ Clis | Poor |and|ICis | Excellent | and | ESis | Excellent | and | ECis | Very Poor | then | Pis | Very Poor
381|If | Clis | Poor |and | ICis | Excellent | and | ESis | Good and | ECis | Excellent |then| Pis | Poor
382 | If | Clis | Poor | and| ICis | Excellent | and | ESis | Good and | ECis | Good then | Pis | Poor
383 |If | Clis | Poor |and | ICis | Excellent | and | ESis | Good and | ECis | Fair then | Pis | Poor
384 | 1If | Clis | Poor | and | ICis | Excellent | and | ESis | Good and | ECis | Poor then | Pis | Poor
385|If | Clis | Poor | and | ICis | Excellent | and | ESis | Good and | ECis | Very Poor | then| Pis | Very Poor
386 | If | Clis | Poor | and | ICis | Excellent | and | ESis | Fair and | ECis | Excellent | then | Pis | Poor
387|If | Clis | Poor |and|ICis | Excelent | and | ESis | Fair and | ECis | Good then | Pis | Poor
388 | If | Clis | Poor | and | ICis | Excellent | and | ESis | Fair and | ECis | Fair then | Pis | Poor
389 If | Clis | Poor | and| ICis | Excellent | and | ESis | Fair and | ECis | Poor then | Pis | Poor
390 If | Clis | Poor | and | ICis | Excellent | and | ESis | Fair and | ECis | Very Poor | then| Pis | Very Poor
391 If | Clis | Poor | and| ICis | Excellent | and | ESis | Poor and | ECis | Excellent |then| Pis | Poor
392 If | Clis | Poor | and | ICis | Excellent | and | ESis | Poor and | ECis | Good then | Pis | Poor
393 If | Clis | Poor | and | ICis | Excellent | and | ESis | Poor and | ECis | Fair then | Pis | Poor
394 | If | Clis | Poor | and| ICis | Excellent | and | ESis | Poor and | ECis | Poor then | Pis | Poor
395|If | Clis | Poor | and | ICis | Excellent | and | ESis | Poor and | ECis | Very Poor | then | Pis | Very Poor
396 | If | Clis | Poor |and | ICis | Excellent | and | ESis | Very Poor | and | ECis | Excellent | then | Pis | Very Poor
397 |If | Clis | Poor |and | ICis | Excellent | and | ESis | Very Poor | and | ECis | Good then | P is | Very Poor
398 | If | Clis | Poor | and | ICis | Excellent | and | ESis | Very Poor | and | ECis | Fair then | P is | Very Poor
399 | If |Clis | Poor |and|ICis | Excellent | and | ESis | Very Poor | and | ECis | Poor then | Pis | Very Poor
400 | If | Clis | Poor | and | ICis | Excellent | and | ESis | Very Poor | and | ECis | Very Poor | then | Pis | Very Poor
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401 | If | Clis | Poor |and|ICis | Good | and| ESis | Excellent | and| ECis | Excellent |then | Pis | Poor
402 | If | Clis | Poor |and|ICis | Good | and | ESis | Excellent | and| ECis | Good then | Pis | Poor
403 | If | Clis | Poor |and|ICis | Good | and | ESis | Excellent | and| ECis | Fair then | Pis | Poor
404 | If | Clis | Poor |and|ICis | Good | and | ESis | Excellent | and| ECis | Poor then | Pis | Poor
405| If [ Clis | Poor |and|ICis | Good | and | ESis | Excellent | and | ECis | Very Poor | then| Pis | Very Poor
406 | If | Clis | Poor |and|ICis | Good | and | ESis | Good and | ECis | Excellent |then| Pis | Poor
407 | If | Clis | Poor | and|ICis | Good | and | ESis | Good and | ECis | Good then | Pis | Poor
408 | If | Clis | Poor |and|ICis | Good | and | ESis | Good and | ECis | Fair then | Pis | Poor
409 | If | Clis | Poor |and|ICis | Good | and | ESis | Good and | ECis | Poor then | Pis | Poor
410 | If | Clis | Poor |and|ICis | Good | and | ESis | Good and | ECis | Very Poor | then| Pis | Very Poor
411 | If | Clis | Poor |and|ICis | Good | and | ESis | Fair and | ECis | Excellent | then| Pis | Poor
412 | If | Clis | Poor |and|ICis | Good | and | ESis | Fair and | ECis | Good then | Pis | Poor
413 | If | Clis | Poor |and|ICis | Good | and | ESis | Fair and | ECis | Fair then | Pis | Poor
414 | 1f | Clis | Poor | and|ICis | Good | and | ESis | Fair and | ECis | Poor then | Pis | Poor
415|1f | Clis | Poor |and|ICis | Good | and | ESis | Fair and | ECis | Very Poor | then| Pis | Very Poor
416 | If | Clis | Poor |and | ICis | Good | and | ESis | Poor and | ECis | Excellent |then| Pis | Poor
417 | If | Clis | Poor |and|ICis | Good | and | ESis | Poor and | ECis | Good then | Pis | Poor
418 | If | Clis | Poor |and|ICis | Good | and | ESis | Poor and | ECis | Fair then | Pis | Poor
419 | If | Clis | Poor |and|ICis | Good | and | ESis | Poor and | ECis | Poor then | Pis | Poor
420 | If | Clis | Poor |and|ICis | Good | and | ESis | Poor and | ECis | Very Poor | then| Pis | Very Poor
421 | If | Clis | Poor |and|ICis | Good | and | ESis | VeryPoor | and | ECis | Excellent | then| Pis | Very Poor
422 | If | Clis | Poor |and|ICis | Good | and | ESis | VeryPoor | and | ECis | Good then | Pis | Very Poor
423 | 1If | Clis | Poor |and|ICis | Good | and | ESis | VeryPoor | and | ECis | Far then | Pis | Very Poor
424 | If | Clis | Poor |and|ICis | Good | and | ESis | Very Poor | and | ECis | Poor then | Pis | Very Poor
425 1f [ Clis | Poor |and|ICis | Good | and | ESis | Very Poor | and | ECis | Very Poor | then| Pis | Very Poor
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426 | If | Clis | Poor |and|ICis | Fair |and | ESis | Excellent | and| ECis | Excellent |then| Pis | Poor
427 | If | Clis | Poor |and|ICis | Fair | and | ESis | Excellent | and| ECis | Good then | Pis | Poor
428 | If | Clis | Poor |and|ICis | Fair | and | ESis | Excellent | and| ECis | Fair then | Pis | Poor
429 | If | Clis | Poor |and|ICis | Fair | and | ESis | Excellent | and| ECis | Poor then | Pis | Poor
430| If | Clis | Poor |and|ICis | Fair | and| ESis | Excellent | and | ECis | Very Poor | then | Pis | Very Poor
431 | If | Clis | Poor |and|ICis | Fair | and | ESis | Good and | ECis | Excellent |then| Pis | Poor
432 | If | Clis | Poor | and|ICis | Fair | and | ESis | Good and | ECis | Good then | Pis | Poor
433 | If | Clis | Poor |and|ICis | Fair | and| ESis | Good and | ECis | Fair then | Pis | Poor
434 | If | Clis | Poor | and|ICis | Fair | and | ESis | Good and | ECis | Poor then | Pis | Poor
435|If | Clis | Poor |and|ICis | Fair | and | ESis | Good and | ECis | Very Poor | then | Pis | Very Poor
436 | If | Clis | Poor |and|ICis | Fair | and| ESE | Fair and | ECis | Excellent | then | Pis | Poor
437 | If | Clis | Poor | and | ICis | Fair | and | ESis | Fair and | ECis | Good then | Pis | Poor
438 | If | Clis | Poor |and|ICis | Fair | and | ESis | Fair and | ECis | Fair then | Pis | Poor
439 | If | Clis | Poor | and | ICis | Fair | and | ESis | Fair and | ECis | Poor then | Pis | Poor
440 | If | Clis | Poor |and|ICis | Fair | and | ESis | Fair and | ECis | Very Poor | then| Pis | Very Poor
441 | If | Clis | Poor | and|ICis | Fair | and | ESis | Poor and | ECis | Excellent |then| Pis | Poor
442 | If | Clis | Poor | and|ICis | Fair | and | ESis | Poor and | ECis | Good then | Pis | Poor
443 | If | Clis | Poor | and|ICis | Fair | and | ESis | Poor and | ECis | Fair then | Pis | Poor
444 | If | Clis | Poor | and | ICis | Fair | and | ESis | Poor and | ECis | Poor then | Pis | Poor
445 | 1f | Clis | Poor | and | ICis | Fair | and | ESis | Poor and | ECis | Very Poor | then | Pis | Very Poor
446 | If | Clis | Poor |and | ICis | Fair | and | ESis | Very Poor | and | ECis | Excellent | then| Pis | Very Poor
447 | 1f | Clis | Poor |and|ICis | Fair | and| ESis | VeryPoor | and | ECis | Good then | Pis | Very Poor
448 | If | Clis | Poor | and | ICis | Fair | and| ESis | Very Poor | and | ECis | Fair then | Pis | Very Poor
449 | If | Clis | Poor |and|ICis | Fair | and | ESis | Very Poor | and | ECis | Poor then | P is | Very Poor
450 | If | Clis | Poor |and|ICis | Fair | and| ESis | Very Poor | and | ECis | Very Poor | then | Pis | Very Poor
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451 | If | Clis | Poor |and|ICis | Poor | and | ESis | Excellent | and| ECis | Excellent |then| Pis | Poor
452 | If | Clis | Poor | and | ICis | Poor | and | ESis | Excellent | and | ECis | Good then | Pis | Poor
453 | If | Clis | Poor |and | ICis | Poor | and | ESis | Excellent | and| ECis | Fair then | Pis | Poor
454 | If | Clis | Poor | and | ICis | Poor | and | ESis | Excellent | and | ECis | Poor then | Pis | Poor
455 | If | Clis | Poor |and|ICis | Poor | and| ESis | Excellent | and | ECis | Very Poor | then| Pis | Very Poor
456 | If | Clis | Poor |and|ICis | Poor | and | ESis | Good and | ECis | Excellent |then| Pis | Poor
457 | If | Clis | Poor | and | ICis | Poor | and | ESis | Good and | ECis | Good then | Pis | Poor
458 | If | Clis | Poor |and | ICis | Poor |and| ESis | Good and | ECis | Fair then | Pis | Poor
459 | If | Clis | Poor | and | ICis | Poor | and | ESis | Good and | ECis | Poor then | Pis | Poor
460 | If | Clis | Poor | and | ICis | Poor | and| ESis | Good and | ECis | Very Poor | then| Pis | Very Poor
461 | If | Clis | Poor | and|ICis | Poor | and | ESis | Fair and | ECis | Excellent | then| Pis | Poor
462 | If | Clis | Poor | and | ICis | Poor | and | ESis | Fair and | ECis | Good then | Pis | Poor
463 | If | Clis | Poor | and | ICis | Poor | and | ESis | Fair and | ECis | Fair then | Pis | Poor
464 | If | Clis | Poor | and | ICis | Poor | and | ESis | Fair and | ECis | Poor then | Pis | Poor
465 | If | Clis | Poor | and | ICis | Poor | and | ESis | Fair and | ECis | Very Poor | then| Pis | Very Poor
466 | If | Clis | Poor | and | ICis | Poor | and | ESis | Poor and | ECis | Excellent |then| Pis | Poor
467 | If | Clis | Poor |and|ICis | Poor | and | ESis | Poor and | ECis | Good then | Pis | Poor
468 | If | Clis | Poor | and|ICis | Poor | and | ESis | Poor and | ECis | Fair then | Pis | Poor
469 | If | Clis | Poor | and | ICis | Poor | and | ESis | Poor and | ECis | Poor then | Pis | Poor
470 | If | Clis | Poor | and|ICis | Poor | and | ESis | Poor and | ECis | Very Poor | then | Pis | Very Poor
471 | If | Clis | Poor | and | ICis | Poor | and| ESis | VeryPoor | and | ECis | Excellent |then| Pis | Very Poor
472 | If | Clis | Poor |and|ICis | Poor | and| ESis | VeryPoor | and | ECis | Good then | Pis | Very Poor
473 | If | Clis | Poor | and|ICis | Poor | and| ESis | Very Poor | and | ECis | Fair then | Pis | Very Poor
474 | 1f | Clis | Poor | and | ICis | Poor | and | ESis | VeryPoor | and | ECis | Poor then | Pis | Very Poor
475|If | Clis | Poor |and | ICis | Poor | and | ESis | Very Poor | and | ECis | Very Poor | then| Pis | Very Poor
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476 | If | Clis | Poor |and|ICis | VeryPoor | and | ESis | Excellent | and| ECis | Excellent |then| Pis | Very Poor
477 | If | Clis | Poor | and | ICis | VeryPoor | and | ESis | Excellent | and| ECis | Good then | Pis | Very Poor
478 | If | Clis | Poor | and|ICis | VeryPoor | and | ESis | Excellent | and| ECis | Fair then | Pis | Very Poor
479 | If | Clis | Poor | and | ICis | VeryPoor | and | ESis | Excellent | and | ECis | Poor then | Pis | Very Poor
480 | If | Clis | Poor | and | ICis | VeryPoor | and | ESis | Excellent | and | ECis | Very Poor | then | Pis | Very Poor
481 | If | Clis | Poor |and|ICis | VeryPoor | and | ESis | Good and | ECis | Excellent | then| Pis | Very Poor
482 | If | Clis | Poor | and| ICis | VeryPoor | and | ESis | Good and | ECis | Good then | Pis | Very Poor
483 | If | Clis | Poor | and | ICis | VeryPoor | and | ESis | Good and | ECis | Fair then | Pis | Very Poor
484 | If | Clis | Poor | and | ICis | VeryPoor | and | ESis | Good and | ECis | Poor then | Pis | Very Poor
485 | If | Clis | Poor | and | ICis | VeryPoor | and | ESis | Good and | ECis | Very Poor | then| Pis | Very Poor
486 | If | Clis | Poor | and | ICis | VeryPoor | and | ESis | Fair and | ECis | Excellent |then| Pis | Very Poor
487 | If | Clis | Poor | and | ICis | VeryPoor | and | ESis | Fair and | ECis | Good then | Pis | Very Poor
488 | If | Clis | Poor | and | ICis | VeryPoor | and | ESis | Fair and | ECis | Fair then | Pis | Very Poor
489 | If | Clis | Poor | and | ICis | VeryPoor | and | ESis | Fair and | ECis | Poor then | Pis | Very Poor
490 | If | Clis | Poor | and|ICis | VeryPoor | and | ESis | Fair and | ECis | Very Poor | then| Pis | Very Poor
491 | If | Clis | Poor | and | ICis | VeryPoor | and | ESis | Poor and | ECis | Excellent | then| Pis | Very Poor
492 | If | Clis | Poor | and | ICis | VeryPoor | and| ESis | Poor and | ECis | Good then | Pis | Very Poor
493 | If | Clis | Poor | and | ICis | VeryPoor | and | ESis | Poor and | ECis | Fair then | Pis | Very Poor
494 | If | Clis | Poor | and| ICis | VeryPoor | and | ESis | Poor and | ECis | Poor then | Pis | Very Poor
495 | If | Clis | Poor | and|ICis | VeryPoor | and | ESis | Poor and | ECis | Very Poor | then| Pis | Very Poor
496 | If | Clis | Poor | and | ICis | VeryPoor | and | ESis | VeryPoor | and | ECis | Excellent |then | Pis | Very Poor
497 | If | Clis | Poor | and|ICis | VeryPoor | and| ESis | VeryPoor | and | ECis | Good then | Pis | Very Poor
498 | If | Clis | Poor | and|ICis | VeryPoor | and | ESis | Very Poor | and | ECis | Fair then | Pis | Very Poor
499 | If | Clis | Poor | and | ICis | VeryPoor | and | ESis | VeryPoor | and | ECis | Poor then | Pis | Very Poor
500 | If | Clis | Poor | and|ICis | VeryPoor | and | ESis | VeryPoor | and | ECis | Very Poor | then| Pis | Very Poor

Current Integrity (CI), Internal Condition (IC), External Stress (ES), External Condii©)) Performance (P)
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501 | If | Clis | VeryPoor | and | ICis | Excellent | and | ESis | Excellent | and | ECis | Excellent |then| Pis | Very Poor
502 | If | Clis | VeryPoor | and | ICis | Excellent | and | ESis | Excellent | and | ECis | Good then | Pis | Very Poor
503 | If | Clis | VeryPoor | and | ICis | Excellent | and | ESis | Excellent | and | ECis | Fair then | Pis | Very Poor
504 | If | Clis | VeryPoor | and | ICis | Excellent | and | ESis | Excellent | and | ECis | Poor then | Pis | Very Poor
505| If | Clis | Very Poor | and | ICis | Excellent | and | ESis | Excellent | and | ECis | Very Poor | then| Pis | Very Poor
506 | If | Clis | VeryPoor | and | ICis | Excellent | and | ESis | Good and | ECis | Excellent |then| Pis | Very Poor
507 | If | Clis | VeryPoor | and | ICis | Excellent | and | ESis | Good and | ECis | Good then | Pis | Very Poor
508 | If | Clis | VeryPoor | and | ICis | Excellent | and | ESis | Good and | ECis | Fair then | Pis | Very Poor
509 | If | Clis | VeryPoor | and | ICis | Excellent | and | ESis | Good and | ECis | Poor then | Pis | Very Poor
510 If | Clis | VeryPoor | and | ICis | Excellent | and | ESis | Good and | ECis | Very Poor | then| Pis | Very Poor
511 | If | Clis | VeryPoor | and | ICis | Excellent | and | ESis | Fair and | ECis | Excellent | then| Pis | Very Poor
512 | If | Clis | VeryPoor | and | ICis | Excellent | and | ESis | Fair and | ECis | Good then | Pis | Very Poor
513 | If | Clis | VeryPoor | and | ICis | Excellent | and | ESis | Fair and | ECis | Fair then | Pis | Very Poor
514 | If | Clis | VeryPoor | and | ICis | Excellent | and | ESis | Fair and | ECis | Poor then | Pis | Very Poor
515|If | Clis | VeryPoor | and | ICis | Excellent | and | ESis | Fair and | ECis | Very Poor | then| Pis | Very Poor
516 | If | Clis | VeryPoor | and | ICis | Excellent | and | ESis | Poor and | ECis | Excellent |then| Pis | Very Poor
517 If | Clis | VeryPoor | and | ICis | Excellent | and | ESis | Poor and | ECis | Good then | Pis | Very Poor
518 | If | Clis | VeryPoor | and | ICis | Excelent | and | ESis | Poor and | ECis | Fair then | Pis | Very Poor
519 | If | Clis | VeryPoor | and | ICis | Excellent | and | ESis | Poor and | ECis | Poor then | Pis | Very Poor
520 | If | Clis | VeryPoor | and | ICis | Excellent | and | ESis | Poor and | ECis | Very Poor | then | Pis | Very Poor
521 | If | Clis | VeryPoor | and | ICis | Excellent | and | ESis | Very Poor | and | ECis | Excellent | then | Pis | Very Poor
522 | If | Clis | VeryPoor | and | ICis | Excellent | and | ESis | Very Poor | and | ECis | Good then | Pis | Very Poor
523 | If | Clis | VeryPoor | and | ICis | Excellent | and | ESis | VeryPor | and | ECis | Fair then | Pis | Very Poor
524 | If | Clis | VeryPoor | and | ICis | Excellent | and | ESis | Very Poor | and | ECis | Poor then | Pis | Very Poor
525| If | Clis | VeryPoor | and | ICis | Excellent | and | ESis | Very Poor | and | ECis | Very Poor | then| Pis | Very Poor

Current Integty (Cl), Internal Condition (IC), External Stress (ES), External Condition (EC), Performance (P)
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526 | If | Clis | VeryPoor |and | ICis | Good |and| ESis | Excellent | and| ECis | Excellent |then| Pis | Very Poor
527 | If [ Clis | VeryPoor |and|ICis | Good | and | ESis | Excellent | and | ECis | Good then | Pis | Very Poor
528 | If | Clis | VeryPoor |and | ICis | Good | and| ESis | Excellent | and| ECis | Fair then | Pis | Very Poor
529 | If | Clis | VeryPoor | and | ICis | Good | and | ESis | Excdlent and | ECis | Poor then | Pis | Very Poor
530 | If | Clis | VeryPoor |and | ICis | Good |and| ESis | Excellent | and| ECis | Very Poor | then | Pis | Very Poor
531 | If | Clis | VeryPoor |and | ICis | Good | and| ESis | Good and | ECis | Excellent |then| Pis | Very Poor
532 | If | Clis | VeryPog |and|ICis | Good | and| ESis | Good and | ECis | Good then | Pis | Very Poor
533 | If | Clis | VeryPoor | and|ICis | Good | and | ESis | Good and | ECis | Fair then | Pis | Very Poor
534 | If | Clis | VeryPoor | and | ICis | Good | and | ESis | Good and | ECis | Poor then | Pis | Very Poor
535| If | Clis | VeryPoor | and|ICis | Good | and | ESis | Good and | ECis | Very Poor | then| Pis | Very Poor
536 | If | Clis | VeryPoor |and|ICis | Good | and | ESis | Fair and | ECis | Excellent | then| Pis | Very Poor
537 | If | Clis | VeryPoor | and | ICis | Good | and| ESis | Fair and | ECis | Good then | Pis | Very Poor
538 | If | Clis | VeryPoor |and|ICis | Good | and | ESis | Fair and | ECis | Fair then | Pis | Very Poor
539 | If | Clis | VeryPoor | and| ICis | Good | and | ESis | Fair and | ECis | Poor then | Pis | Very Poor
540 | If | Clis | VeryPoor |and|ICis | Good | and | ESis | Fair and | ECis | VeryPoor | then| Pis | Very Poor
541 | If | Clis | VeryPoor | and | ICis | Good | and| ESis | Poor and | ECis | Excellent |then| Pis | Very Poor
542 | If | Clis | VeryPoor |and|ICis | Good | and| ESis | Poor and | ECis | Good then | Pis | Very Poor
543 | If | Clis | VeryPoor |and|ICis | Good | and | ESk | Poor and | ECis | Fair then | Pis | Very Poor
544 | If | Clis | VeryPoor | and| ICis | Good | and | ESis | Poor and | ECis | Poor then | Pis | Very Poor
545|If | Clis | VeryPoor | and | ICis | Good | and | ESis | Poor and | ECis | Very Poor | then | Pis | Very Poor
546 | If | Clis | VeryPoor | and| ICis | Good | and | ESis | VeryPoor | and | ECis | Excellent | then| Pis | Very Poor
547 | If | Clis | VeryPoor |and|ICis | Good | and | ESis | VeryPoor | and | ECis | Good then | Pis | Very Poor
548 | If | Clis | VeryPoor | and|ICis | Good | and | ESis | VeryPoor | and | ECis | Fair then | Pis | Very Poor
549 | If | Clis | VeryPoor |and | ICis | Good | and| ESis | VeryPoor | and | ECis | Poor then | Pis | Very Poor
550 | If | Clis | VeryPoor |and | ICis | Good |and| ESis | VeryPoor | and| ECis | Very Poor | then | Pis | Very Poor

Current Integrity (CI), Internal Condition (IC), External S8€ES), External Condition (EC), Performance (P)
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551 | If | Clis | VeryPoor |and|ICis | Fair | and| ESis | Excellent | and| ECis | Excellent |then| Pis | Very Poor
552 | If | Clis | VeryPoor | and | ICis | Fair | and | ESis | Excellent | and| ECis | Good then | Pis | Very Poor
553 | If | Clis | VeryPoor |and | ICis | Fair | and | ESis | Excellent | and| ECis | Fair then | Pis | Very Poor
554 | If | Clis | VeryPoor | and | ICis | Fair | and | ESis | Excellent | and| ECis | Poor then | Pis | Very Poor
555 If [ Clis | VeryPoor | and | ICis | Fair | and| ESis | Excellent | and | ECis | Very Poor | then| Pis | Very Poor
556 | If | Clis | VeryPoor | and | ICis | Fair | and | ESis | Good and | ECis | Excellent |then| Pis | Very Poor
557 | If | Clis | VeryPoor | and | ICis | Fair | and| ESis | Good and | ECis | Good then | Pis | Very Poor
558 | If | Clis | VeryPoor | and | ICis | Fair | and | ESis | Good and | ECis | Fair then | Pis | Very Poor
559 | If | Clis | VeryPoor | and | ICis | Fair | and| ESis | Good and | ECis | Poor then | Pis | Very Poor
560 | If | Clis | VeryPoor | and | ICis | Fair | and | ESis | Good and | ECis | Very Poor | then| Pis | Very Poor
561 | If | Clis | VeryPoor | and | ICis | Fair | and | ESis | Fair and | ECis | Excellent | then| Pis | Very Poor
562 | If | Clis | VeryPoor | and | ICis | Fair | and | ESis | Fair and | ECis | Good then | Pis | Very Poor
563 | If | Clis | VeryPoor | and | ICis | Fair | and | ESis | Fair and | ECis | Fair then | Pis | Very Poor
564 | If | Clis | VeryPoor | and | ICis | Fair | and | ESis | Fair and | ECis | Poor then | Pis | Very Poor
565 | If | Clis | VeryPoor | and | ICis | Fair | and | ESis | Fair and | ECis | Very Poor | then| Pis | Very Poor
566 | If | Clis | VeryPoo |and|ICis | Fair | and| ESis | Poor and | ECis | Excellent |then| Pis | Very Poor
567 | If | Clis | VeryPoor | and | ICis | Fair | and | ESis | Poor and | ECis | Good then | Pis | Very Poor
568 | If | Clis | VeryPoor | and | ICis | Fair | and | ESis | Poor and | ECis | Fair then | Pis | Very Poor
569 | If | Clis | VeryPoor | and | ICis | Fair | and | ESis | Poor and | ECis | Poor then | Pis | Very Poor
570 | If | Clis | VeryPoor | and | ICis | Fair | and | ESis | Poor and | ECis | Very Poor | then| Pis | Very Poor
571|1f | Clis | VeryPoor | and | ICis | Fair | and | ESis | VeryPoor | and | ECis | Excellent |then| Pis | Very Poor
572 | If | Clis | VeryPoor | and|ICis | Fair | and| ESis | Very Poor | and | ECis | Good then | Pis | Very Poor
573 | If | Clis | VeryPoor |and | ICis | Fair | and| ESis | Very Poor | and | ECis | Fair then | Pis | Very Poor
574 If | Clis | VeryPoor | and| ICis | Fair | and | ESis | Very Poor | and | ECis | Poor then | Pis | Very Poor
575|1f | Clis | VeryPoor | and | ICis | Fair | and| ESis | Very Poor | and | ECis | Very Poor | then| Pis | Very Poor

Current Integrity (CI), Internal Condition (IC), External Stress (ES), External Condition (EC), Performpance (P
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576 | If | Clis | VeryPoor |and | ICis | Poor | and | ESis | Excellent | and | ECis | Excellent | then | Pis | Very Poor
577 1f | Clis | VeryPoor |and | ICis | Poor | and | ESis | Excellent | and| ECis | Good then | Pis | Very Poor
578 | If | Clis | VeryPoor | and | ICis | Poor | and | ESis | Excellent | and | ECis | Fair then | Pis | Very Poor
579 | If | Clis | VeryPoor |and | ICis | Poor | and | ESis | Excellent | and | ECis | Poor then | Pis | Very Poor
580 | If | Clis | VeryPoor |and |ICis | Poor | and| ESis | Excelent | and| ECis | Very Poor | then | Pis | Very Poor
581 | If | Clis | VeryPoor | and | ICis | Poor | and | ESis | Good and | ECis | Excellent |then| Pis | Very Poor
582 | If | Clis | VeryPoor | and |ICis | Poor | and| ESis | Good and | ECis | Good then | Pis | Very Poor
583 | If | Clis | VeryPoor | and | ICis | Poor | and | ESis | Good and | ECis | Fair then | P is | Very Poor
584 | If | Clis | VeryPoor |and | ICis | Poor | and | ESis | Good and | ECis | Poor then | P is | Very Poor
585 If | Clis | VeryPoor | and | ICis | Poor | and | ESis | Good and | ECis | Very Poor | then | Pis | Very Poor
586 | If | Clis | VeryPoor |and | ICis | Poor | and | ESis | Fair and | ECis | Excellent | then| Pis | Very Poor
587 | If | Clis | VeryPoor | and | ICis | Poor | and | ESis | Fair and | ECis | Good then | P is | Very Poor
588 | If | Clis | VeryPoor |and | ICis | Poor | and | ESis | Fair and | ECis | Fair then | Pis | Very Paor
589 | If | Clis | VeryPoor | and | ICis | Poor | and | ESis | Fair and | ECis | Poor then | P is | Very Poor
590 If | Clis | VeryPoor |and |ICis | Poor | and | ESis | Fair and | ECis | Very Poor | then| Pis | Very Poor
591 | If [ Clis | VeryPoor |and |ICis | Poor | and| ESis | Poor and | ECis | Excelent |then| Pis | Very Poor
592 | If | Clis | VeryPoor | and |ICis | Poor | and | ESis | Poor and | ECis | Good then | P is | Very Poor
593 | If | Clis | VeryPoor | and | ICis | Poor | and| ESis | Poor and | ECis | Fair then | P is | Very Poor
594 | If | Clis | VeryPoor | and | ICis | Poor | and | ESis | Poor and | ECis | Poor then | P is | Very Poor
595| If | Clis | VeryPoor | and | ICis | Poor | and| ESis | Poor and | ECis | Very Poor | then | Pis | Very Poor
596 | If | Clis | VeryPoor | and | ICis | Poor | and | ESis | VeryPoor | and | ECis | Excellent |then | Pis | Very Poor
597 | If | Clis | VeryPoor | and | ICis | Poor | and| ESis | VeryPoor | and | ECis | Good then | P is | Very Poor
598 | If | Clis | VeryPoor | and | ICis | Poor | and | ESis | Very Poor | and | ECis | Fair then | P is | Very Poor
599 | If | Clis | VeryPoor | and | ICis | Poor | and| ESis | VeryPoor | and | ECis | Poor then | P is | Very Poor
600 | If | Clis | VeryPoor | and |ICis | Poor | and | ESis | Very Poor | and | ECis | Very Poor | then | Pis | Very Poor

Current Integrity (CI), Internal Condition (IC), External Stress (ES), External Condition (EC), Performance (P)
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601 | If | Clis | VeryPoor | and | ICis | VeryPoor | and | ESis | Excellent | and| ECis | Excellent | then | Pis | Very Poor
602 | If | Clis | VeryPoor | and | ICis | VeryPoor | and | ESis | Excellent | and| ECis | Good then | P is | Very Poor
603 | If | Clis | VeryPoor |and | ICis | Very Poor | and | ESis | Excellent | and | ECis | Fair then | Pis | Very Poor
604 | If | Clis | VeryPoor | and | ICis | VeryPoor | and | ESis | Excellent | and| ECis | Poor then | P is | Very Poor
605 | If | Clis | VeryPoor | and | ICis | VeryPoor | and | ESis | Excellent | and | ECis | Very Poor | then | Pis | Very Poor
606 | If | Clis | VeryPoor | and | ICis | Very Poor | and | ESis | Good and | ECis | Excellent | then| Pis | Very Poor
607 | If | Clis | VeryPoor | and | ICis | VeryPoor | and | ESis | Good and | ECis | Good then | P is | Very Poor
608 | If | Clis | VeryPoor |and|ICis | VeryPoa | and| ESis | Good and | ECis | Fair then | P is | Very Poor
609 | If | Clis | VeryPoor | and | ICis | VeryPoor | and | ESis | Good and | ECis | Poor then | P is | Very Poor
610 | If | Clis | VeryPoor | and | ICis | Very Poor | and | ESis | Good and | ECis | Very Poor | then | Pis | Very Poor
611 | If | Clis | VeryPoor | and | ICis | VeryPoor | and | ESis | Fair and | ECis | Excellent | then | Pis | Very Poor
612 | If | Clis | VeryPoor | and | ICis | VeryPoor | and | ESis | Fair and | ECis | Good then | P is | Very Poor
613 | If | Clis | VeryPoor | and | ICis | VeryPoor | and | ESis | Fair and | ECis | Fair then | P is | Very Poor
614 | If | Clis | VeryPoor | and | ICis | Very Poor | and | ESis | Fair and | ECis | Poor then | P is | Very Poor
615 | If | Clis | VeryPoor | and | ICis | VeryPoor | and | ESis | Fair and | ECis | Very Poor | then | Pis | Very Poor
616 | If | Clis | VeryPoor | and | ICis | VeryPoor | and | ESis | Poor and | ECis | Excellent | then| Pis | Very Poor
617 | If | Clis | VeryPoor | and | ICis | VeryPoor | and | ESis | Poor and | ECis | Good then | P is | Very Poor
618 | If | Clis | VeryPoor | and | ICis | VeryPoor | and | ESis | Poor and | ECis | Fair then | P is | Very Poor
619 | If | Clis | VeryPoor | and | ICis | VeryPoor | and | ESis | Poor and | ECis | Poor then | P is | Very Poor
620 | If | Clis | VeryPoor | and | ICis | VeryPoor | and | ESis | Poor and | ECis | Very Poor | then | Pis | Very Poor
621 | If | Clis | VeryPoor | and | ICis | VeryPoor | and | ESis | Very Poor | and | ECis | Excellent | then| Pis | Very Poor
622 | If | Clis | VeryPoor | and | ICis | VeryPoor | and | ESis | Very Poor | and | ECis | Good then | P is | Very Poor
623 | If | Clis | VeryPoor | and | ICis | Very Poor | and | ESis | Very Poor | and | ECis | Fair then | Pis | Very Poor
624 | If | Clis | VeryPoor | and | ICis | Very Poor | and | ESis | Very Poor | and | ECis | Poor then | P is | Very Poor
625 | If | Clis | VeryPoor | and | ICis | Very Poor | and | ESis | VeryPoor | and | ECis | Very Poor | then | Pis | Very Poor

Current Integrity (ClI), Internal Condition (IC), External Stress (ES), Exteroadlifion (EC), Performance (P)
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TableD.1 Field Data Samples

Sample Pipe 1 Pipe 2 Pipe 3 Pipe 4 Pipe 5 Pipe 6 Pipe 7
Diameter (in) 10 16 1 12 1 6 12
Age (yr) 104 80 56 36 85 60 88
Design Life (yr) 120 100 50 75 100 75 100
Vintage (yr) 1906 1930 1954 1974 1925 1950 1922
Rehab-Lining No No No No No No No
HWCEF (c value) 80 85 50 95 65 80 80
R Thickness (%) 100 100 100 100 100 100 100
Tuberculation None None None None None None None
Leak No No No No No No No
Pipe Break No No No No No No No
Break <5 Years Ago No No No No No No No
Defect Type N/A N/A N/A N/A N/A N/A N/A
Rehab Type N/A N/A N/A N/A N/A N/A N/A
Pressure Exceeded No No No No No No No
Pressure Surges No No No No No No No
Adequate Fire Flow Yes Yes Yes Yes Yes Yes Yes
Pressure Complaints No No No No No No No
Discolored Water No No No No No No No
Disturbances No No No No No No No
Flooding Never Never Never Never Never Never Never
Live Load Non-NHS | Non-NHS | Non-NHS | Non-NHS | Non-NHS | Non-NHS | NHS
Material Type Cl Cl Galvanized ]| DI Cl Cl
Dissimilar Metals Yes No No No No No No
Cathodic Protection No No No No No No No
Stray Currents No No No No No No No
Soil Corrosivity Moderate Low Moderate Low Moderate | Moderate| Low
Coating No No No Yes Yes No No

L Expectancy Output 1.26 3.62 4.54 2.42 3.56 2.98 3.58
S Condition Output 3.32 3.30 4.56 2.00 3.98 3.00 3.32
Break Rate Output 1.00 1.00 1.00 1.00 1.00 1.00 1.00
C Integrity Output 3.32 3.34 4.56 2.00 3.76 3.00 3.38
| Condition Output 1.00 1.00 1.00 1.00 1.00 1.00 1.00
E Stress Output 1.00 1.00 3.00 1.00 1.00 1.00 2.00
E Corrosion Output 3.00 1.00 2.00 1.00 1.00 2.00 1.00
Performance Output 3.32 3.34 4.56 2.00 3.76 3.00 3.38
Performance Rating Fair Fair Very Poor Good Poor Fair Fair

Hazen Willians C Factor (HWCF), Remaining Thickness (R Thickness), Life Expectancy (L
Expectancy), Structural Condition (S Condition), Current Integrity (C Integrity), Internal
Condition (I Condition), External Stress (E Stress), External Corrosion (E Corrosion)
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Table D.1 Field Data Samples Cont.

Sample Pipe 8 Pipe 9 Pipe 10 Pipe 11 | Pipe 12 Pipe 13 Pipe 14
Diameter (in) 1 6 12 6 1 15 6
Age (yr) 55 39 85 84 95 88 43
Design Life (yr) 75 75 100 100 100 50 75
Vintage (yr) 1955 1971 1925 1926 1915 1922 1967
Rehab-Lining No No No No No No No
HWCF (c value) 100 90 80 75 60 50 90
R Thickness (%) 100 100 100 100 100 100 100
Tuberculation None None None None None None None
Leak No No No No No No No
Pipe Break No No Yes No No No No
Break <5 Years Ago No No Yes No No No No
Defect Type N/A N/A Extreme N/A N/A N/A N/A
Rehab Type N/A N/A Segment N/A N/A N/A N/A
Pressure Exceeded No No No No No No No
Pressure Surges No No No No No No No
Adequate Fire Flow Yes Yes Yes Yes Yes Yes Yes
Pressure Complaints No No No No No No No
Discolored Water No No No No No No No
Disturbances No No No No No No No
Flooding Never Never Never Never Never Never Never
Live Load NHS Non-NHS NHS NHS Non-NHS NHS NHS
Material Type Copper DI Cl Cl Cl Galvanized DI
Dissimilar Metals Yes No No No No Yes Yes
Cathodic Protection No No No No No No No
Stray Currents No No No No No No No
Soil Corrosivity Moderate| Moderate Low Low Moderate| Moderate | Moderate
Coating No Yes No No No No Yes
L Expectancy Output 3.00 2.36 3.56 3.56 3.52 4.40 2.40
S Condition Output 1.36 1.98 3.32 3.32 4.00 4.56 1.98
Break Rate Output 1.00 1.00 5.00 1.00 1.00 1.00 1.00
C Integrity Output 1.98 1.80 4.78 3.40 3.98 4.56 1.78
| Condition Output 1.00 1.00 1.00 1.00 1.00 1.00 1.00
E Stress Output 3.00 1.00 2.00 2.00 1.00 4.00 1.00
E Corrosion Output 3.00 1.00 1.00 1.00 2.00 3.00 1.00
Performance Output 3.00 1.80 4.76 3.40 3.98 4.56 1.78
Performance Rating Fair Good Very Poor Fair Poor Very Poor Good

Hazen Williams C Factor (HWCF), Remaining Thickness (R Thicknegs)FElxpectancy (L
Expectancy), Structural Condition (S Condition), Current Integrity (C Integrity), Internal
Condition (I Condition), External Stress (E Stress), External Corrosion (E Corrosion)
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TableD.1 Field Data Samples Cont.

Sample Pipe 15 | Pipe 16 Pipe 17 Pipe 18 Pipe 19 Pipe 20 Pipe 21
Diameter (in) 2 6 1 2 2 1 6
Age (yr) 41 84 22 83 59 88 96
Design Life (yr) 75 100 75 50 50 100 100
Vintage (yr) 1969 1926 1988 1927 1951 1922 1914
Rehab-Lining No No No No No No No
HWCF (c value) 80 75 100 50 50 60 75
R Thickness (%) 100 100 100 100 100 100 100
Tuberculation None None None None None None None
Leak No No No No No No No
Pipe Break No No Yes No Yes No No
Break <5 Years Ago No No Yes No Yes No No
Defect Type N/A N/A Extreme N/A Extreme N/A N/A
Rehab Type N/A N/A Segment N/A Segment N/A N/A
Pressure Exceeded No No No No No No No
Pressure Surges No No No No No No No
Adequate Fire Flow Yes Yes Yes Yes Yes Yes Yes
Pressure Complaints No No No No No No No
Discolored Water No No No No No No No
Disturbances No No No No No No No
Flooding Never Never Never Never Never Never Never
Live Load Non-NHS NHS Non-NHS Non-NHS Non-NHS | Non-NHS | Non-NHS
Material Type Cl Cl Copper | Galvanized| Galvanized Cl Cl
Dissimilar Metals No Yes Yes Yes No No No
Cathodic Protection No No No No No No No
Stray Currents No No No No No No No
Soil Corrosivity Moderate| Low Low Moderate | Moderate High Moderate
Coating No No No No No No No

L Expectancy Output 2.36 3.56 3.00 4.42 3.48 3.58 3.50
S Condition Output 2.30 3.32 1.36 4.56 4.56 4.00 3.32
Break Rate Output 1.00 1.00 5.00 1.00 5.00 1.00 1.00
C Integrity Output 2.32 3.40 4.82 4.56 4.78 4.00 3.42
| Condition Output 1.00 1.00 1.00 1.00 1.00 1.00 1.00
E Stress Output 1.00 2.00 2.00 3.00 3.00 1.00 1.00
E Corrosion Output 2.00 3.00 3.00 3.00 2.00 3.00 2.00
Performance Output 2.32 3.40 4.82 4.56 4.76 4.00 3.42
Performance Rating Good Fair Very Poor | Very Poor | Very Poor Poor Fair

Hazen Williams C Factor (HWCF), Remaining Thickness (R Thickness), Life Expectancy (L
Expedancy), Structural Condition (S Condition), Current Integrity (C Integrity), Internal
Condition (I Condition), External Stress (E Stress), External Corrosion (E Corrosion)
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TableD.1 Field Data Samples Cont.

Sample Pipe 22 | Pipe 23 | Pipe 24 Pipe 25 Pipe 26 Pipe 27 Pipe 28
Diameter (in) 8 1 6 2 6 6 1
Age (yr) 36 9 40 84 35 47 88
Design Life (yr) 75 75 75 50 75 75 50
Vintage (yr) 1974 2001 1970 1926 1975 1963 1922
Rehab-Lining No No No No No No No
HWCF (c value) 95 100 90 50 90 85 50

R Thickness (%) 100 100 100 100 100 100 100
Tuberculation None None None None None None None
Leak No No No No No No No
Pipe Break No No No No No No No
Break <5 Years Ago No No No No No No No
Defect Type N/A N/A N/A N/A N/A N/A N/A
Rehab Type N/A N/A N/A N/A N/A N/A N/A
Pressure Exceeded No No No No No No No
Pressure Surges No No No No No No No
Adequate Fire Flow Yes Yes Yes Yes Yes Yes Yes
Pressure Complaints No No No No No No No
Discolored Water No No No No No No No
Disturbances No No No No No No No
Flooding Never Never Never Never Never Never Never
Live Load NHS NonNHS | Unpaved| NonNHS | Non-NHS | NonNHS | NonNHS
Material Type DI Copper DI Galvanized DI Cl Galvanized
Dissimilar Metals Yes Yes No No Yes No No
Cathodic Protection No No No No No No No
Stray Currents No No No No No No No
Soil Corrosivity Low Moderate Low Moderate Low Moderate Low
Coating Yes No Yes No Yes No No

L Expectancy Output 2.42 1.42 2.32 4.44 2.42 2.46 4.40

S Condition Output 1.52 1.36 1.98 4.56 1.98 2.30 4.56
Break Rate Output 1.00 1.00 1.00 1.00 1.00 1.00 1.00

C Integrity Output 1.52 1.38 1.82 4.56 1.78 2.38 4.56

| Condition Output 1.00 1.00 1.00 1.00 1.00 1.00 1.00

E Stress Output 1.00 2.00 1.00 3.00 1.00 1.00 3.00

E Corrosion Output 1.00 3.00 1.00 2.00 1.00 2.00 1.00
Performance Output 1.52 3.00 1.84 4.56 1.78 2.36 4.56
Performance Rating Excellent Fair Good Very Poor Good Good Very Poor

Hazen Williams C Factor (HWCF), Remaining Thickness (R Thickness), Life Expectancy (L
Expectancy), Structural Condition (S Condition), Cutietegrity (C Integrity), Internal
Condition (I Condition), External Stress (E Stress), External Corrosion (E Corrosion)
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TableD.1 Field Data Samples Cont.

Sample Pipe 29 Pipe 30 Pipe 31 Pipe 32 Pipe 33 Pipe 34 Pipe 35
Diameter (in) 6 6 1 6 6 6 1
Age (yr) 79 16 14 60 50 53 110
Design Life (yr) 100 75 75 75 75 75 120
Vintage (yr) 1931 1994 1996 1950 1960 1957 1900
Rehab-Lining No No No No No No No
HWCF (c value) 75 100 95 80 85 80 60
R Thickness (%) 100 100 100 100 100 100 100
Tuberculation None None None None None None None
Leak No No No No No No No
Pipe Break No No No No No No No
Break <5 Years Ago No No No No No No No
Defect Type N/A N/A N/A N/A N/A N/A N/A
Rehab Type N/A N/A N/A N/A N/A N/A N/A
Pressure Exceeded No No No No No No No
Pressure Surges No No No No No No No
Adequate Fire Flow Yes Yes Yes Yes Yes Yes Yes
Pressure Complaints No No No No No No No
Discolored Water No No No No No No No
Disturbances No No No No No No No
Flooding Never Never Never Never Never Never Never
Live L oad Non-NHS | Non-NHS | Non-NHS | Non-NHS | Non-NHS | Non-NHS | Non-NHS
Material Type Cl DI DI Cl Cl Cl Cl
Dissimilar Metals No No No No No No No
Cathodic Protection No No No No No No No
Stray Currents No No No No No No No
Soil Corrosivity Moderate | Moderate| Moderate | Moderate| Moderate| Moderate High
Coating No Yes Yes No No No No

L Expectancy Output 3.66 1.32 1.36 2.98 2.46 2.56 1.22
S Condition Output 3.32 1.40 1.40 3.00 2.30 3.00 4.00
Break Rate Output 1.00 1.00 1.00 1.00 1.00 1.00 1.00
C Integrity Output 3.32 1.40 1.40 3.00 2.38 3.00 4.00
| Condition Output 1.00 1.00 1.00 1.00 1.00 1.00 1.00
E Stress Output 1.00 1.00 1.00 1.00 1.00 1.00 1.00
E Corrosion Output 2.00 1.00 1.00 2.00 2.00 2.00 3.00
Performance Output 3.32 1.40 1.40 3.00 2.36 3.00 4.00
Performance Rating Fair Excellent | Excellent Fair Good Fair Poor

Hazen Williams C Factor (HWCF), Remaining Thickness (R Thickness), Life Expectancy (L
Expectancy), Structural Condition (S Condition), Current Integrity (C Integrity), Internal
Condition (I Conditon), External Stress (E Stress), External Corrosion (E Corrosion)
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TableD.1 Field Data Samples Cont.

Sample Pipe 36 Pipe 37 Pipe 38 Pipe 39 Pipe 40 | Pipe 41 | Pipe 42
Diameter (in) 6 1 6 2 1 8 24
Age (yr) 90 85 98 55 63 63 15
Design Life (yr) 100 50 100 50 75 75 75
Vintage (yr) 1920 1925 1912 1955 1947 1947 1995
Rehab-Lining No No No No No No No
HWCF (c value) 75 50 75 50 70 80 115
R Thickness (%) 100 100 100 100 100 100 100
Tuberculation None None None None None None None
Leak No No No No No No No
Pipe Break No No No No No No No
Break <5 Years Ago No No No No No No No
Defect Type N/A N/A N/A N/A N/A N/A N/A
Rehab Type N/A N/A N/A N/A N/A N/A N/A
Pressure Exceeded No No No No No No No
Pressure Surges No No No No No No No
Adequate Fire Flow Yes Yes Yes Yes Yes Yes Yes
Pressure Complaints No No No No No No No
Discolored Water No No No No No No No
Disturbances No No No No No No No
Flooding Never Never Never Never Never Never Never
Live Load NonNHS | NonNHS NHS NonNHS | Non-NHS NHS Unpaved
Material Type Cl Galvanized Cl Galvanized Cl Cl DI
Dissimilar Metals No No No No No No Yes
Cathodic Protection No No No No No No No
Stray Currents No No No No No No No
Soil Corrosivity Moderate | Moderate Low Moderate Low Low Low
Coating No No No No No No Yes
L Expectancy Output 3.62 4.44 3.46 4.56 3.30 3.30 1.32
S Condition Output 3.32 4.56 3.32 4.56 3.28 3.00 1.32
Break Rate Output 1.00 1.00 1.00 1.00 1.00 1.00 1.00
C Integrity Output 3.36 4.56 3.40 4.56 3.28 3.00 1.32

| Condition Output 1.00 1.00 1.00 1.00 1.00 1.00 1.00
E Stress Output 1.00 3.00 2.00 3.00 1.00 2.00 1.00
E Corrosion Output 2.00 2.00 1.00 2.00 1.00 1.00 1.00
Performance Output 3.36 4.56 3.40 4.56 3.28 3.00 1.32
Performance Rating Fair Very Poor Fair Very Poor Fair Fair Excellent

Hazen Williams C Factor (HWCF), Remaining Thickness (R Thickness), Life Expectancy (L

Expectancy), Structural Condition (S Condition), Current Integrity (C Integrity), Internal
Condition (I Condition), External Stress (E Stress), External Corrosion (fe<amm)
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TableD.1 Field Data Samples Cont.

Sample Pipe 43 Pipe 44 Pipe 45 | Pipe 46 | Pipe 47 Pipe 48 Pipe 49
Diameter (in) 12 0.75 1 4 6 1 1
Age (yr) 93 50 80 111 110 102 109
Design Life (yr) 100 50 100 120 120 120 50
Vintage (yr) 1917 1960 1930 1899 1900 1908 1901
Rehab-Lining No No No No No No No
HWCEF (c value) 80 50 60 65 75 100 50

R Thickness (%) 100 100 100 100 100 100 100
Tuberculation None None None None None None None
Leak No No No No No No No
Pipe Break No No No No No No No
Break <5 YearsAgo No No No No No No No
Defect Type N/A N/A N/A N/A N/A N/A N/A
Rehab Type N/A N/A N/A N/A N/A N/A N/A
Pressure Exceeded No No No No No No No
Pressure Surges No No No No No No No
Adequate Fire Flow Yes Yes Yes Yes Yes Yes Yes
Pressure Complaints No No No No No No No
Discolored Water No No No No No No No
Disturbances No No No No No No No
Flooding Never Never Never Never Never Never Never
Live Load Non-NHS | Non-NHS NHS NHS Non-NHS NHS Non-NHS
Material Type Cl Galvanized Cl Cl Cl Copper | Galvanized
Dissimilar Metals No No Yes Yes No Yes No
Cathodic Protection No No No No No No No
Stray Currents No No No No No No No
Soil Corrosivity Moderate | Moderate Low Moderate Low Moderate High
Coating No No No No No No No

L Expectancy Output 3.56 4.68 3.62 1.22 1.22 1.34 4.52

S Condition Output 3.32 4.56 4.00 3.98 3.32 1.36 4.56
Break Rate Output 1.00 1.00 1.00 1.00 1.00 1.00 1.00

C Integrity Output 3.40 4.56 4.00 3.88 3.32 1.36 4.52

| Condition Output 1.00 1.00 1.00 1.00 1.00 1.00 1.00

E Stress Output 1.00 3.00 2.00 2.00 1.00 3.00 3.00

E Corrosion Output 2.00 2.00 3.00 3.00 1.00 3.00 3.00
Performance Output 3.40 4.56 4.00 3.88 3.32 3.00 4.52
Performance Rating Fair Very Poor Poor Poor Fair Fair Very Poor

Hazen Williams C Factor (HWCF), Remaining gkmess (R Thickness), Life Expectancy (L
Expectancy), Structural Condition (S Condition), Current Integrity (C Integrity), Internal
Condition (I Condition), External Stress (E Stress), External Corrosion (E Corrosion)
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TableD.1 Field Data Samples Cont.

Sample Pipe 50 Pipe 51 | Pipe 52 | Pipe 53 Pipe 54 Pipe 55 Pipe 56
Diameter (in) 8 1 6 6 6 6 10
Age (yr) 20 90 117 108 119 86 119
Design Life (yr) 75 100 120 120 120 100 120
Vintage (yr) 1990 1920 1893 1902 1891 1924 1891
Rehab-Lining No No No No No No No
HWCEF (c value) 105 60 75 75 75 75 80
R Thickness (%) 100 100 100 100 100 100 100
Tuberculation None None None None None None None
Leak No No No No No No No
Pipe Break No No No No No No No
Break <5 Years Ago No No No No No No No
Defect Type N/A N/A N/A N/A N/A N/A N/A
Rehab Type N/A N/A N/A N/A N/A N/A N/A
Pressure Exceeded No No No No No No No
Pressure Surges No No No No No No No
Adequate Fire Flow Yes Yes Yes Yes Yes Yes Yes
Pressure Complaints No No No No No No No
Discolored Water No No No No No No No
Disturbances No No No No No No No
Flooding Never Never Never Never Never Never Never
Live Load NHS Non-NHS NHS Non-NHS | Non-NHS | Non-NHS | Non-NHS
Material Type DI Cl Cl Cl Cl Cl Cl
Dissimilar Metals Yes No Yes Yes No Yes No
Cathodic Protection No No No No No No No
Stray Currents No No No No No No No
Soil Corrosivity Moderate| Moderate Low Low Moderate High Low
Coating Yes No No No No No No

L Expectancy Output 2.98 3.62 1.22 1.22 1.22 3.54 1.22
S Condition Output 1.34 4.00 3.32 3.32 3.32 3.32 3.32
Break Rate Output 1.00 1.00 1.00 1.00 1.00 1.00 1.00
C Integrity Output 1.82 4.00 3.32 3.32 3.32 3.40 3.32
| Condition Output 1.00 1.00 1.00 1.00 1.00 1.00 1.00
E Stress Output 1.00 1.00 2.00 1.00 1.00 1.00 1.00
E Corrosion Output 1.00 2.00 3.00 3.00 2.00 4.00 1.00
Performance Output 1.84 4.00 3.32 3.32 3.32 3.98 3.32
Performance Rating Good Poor Fair Fair Fair Poor Fair

Hazen Williams C Factor (HWCF), Remaining Thickness (R Thickness), Life Expectancy (L

Expectancy), Structural Condition (ndition), Current Integrity (C Integrity), Internal
Condition (I Condition), External Stress (E Stress), External Corrosion (E Corrosion)
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TableD.1 Field Data Samples Cont.

Sample Pipe 57 Pipe 58 | Pipe 59 Pipe 60 | Pipe 61 | Pipe 62 | Pipe 63
Diameter (in) 1 12 8 6 12 6 1
Age (yn) 2 57 57 118 2 3 85
Design Life (yr) 75 75 75 120 75 75 100
Vintage (yr) 2008 1953 1953 1892 2008 2007 1925
Rehab-Lining No No No No No No No
HWCF (c value) 100 85 80 75 125 120 100
R Thickness (%) 100 100 100 100 100 100 100
Tuberculation None None None None None None None
Leak No No No No No No No
Pipe Break Yes No No No No No No
Break <5 Years Ago Yes No No No No No No
Defect Type Extreme N/A N/A N/A N/A N/A N/A
Rehab Type Segment N/A N/A N/A N/A N/A N/A
Pressure Exceded No No No No No No No
Pressure Surges No No No No No No No
Adequate Fire Flow Yes Yes Yes Yes Yes Yes Yes
Pressure Complaints No No No No No No No
Discolored Water No No No No No No No
Disturbances No No No No No No No
Flooding Never Never Never Never Never Never Never
Live Load NonNHS NHS NornNHS | NonNHS NHS Unpaved| NHS
Material Type Copper Cl Cl Cl DI DI Copper
Dissimilar Metals Yes No No No No No Yes
Cathodic Protection No No No No No No No
Stray Currents No No No No No No No
Soil Corrosivity Moderate | Moderate| Moderate Low High Low High
Coating No No No No Yes Yes No
L Expectancy Output 1.52 3.00 3.00 1.22 1.52 1.50 3.56
S Condition Output 1.36 3.00 3.00 3.32 1.18 1.20 1.36
Break Rate Output 5.00 1.00 1.00 1.00 1.00 1.00 1.00
C Integrity Output 4.78 3.00 3.00 3.32 1.34 1.34 2.40
| Condition Output 1.00 1.00 1.00 1.00 1.00 1.00 1.00
E Stress Output 2.00 2.00 1.00 1.00 1.00 1.00 3.00
E Corrosion Output 3.00 2.00 2.00 1.00 1.00 1.00 4.00
Performance Output 4.76 3.00 3.00 3.32 1.36 1.3%6 4.00
Performance Rating Very Poor Fair Fair Fair Excellent| Excellent| Poor

Hazen Williams C Factor (HWCF), Remaining Thickness (R Thickness), Life Expectancy (L
Expectancy), Structural Condition (S Condition), Current Integrity (C Integrity), Internal
Condition (I Condition), External Stress (E Stress), External Corrosion (E Corrosion)
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TableD.1 Field Data Samples Cont.

Sample Pipe 64 | Pipe 65 | Pipe 66 Pipe 67 Pipe 68 Pipe 69 Pipe 70
Diameter (in) 6 8 1 1 1 1 1
Age (yr) 98 2 96 98 89 97 90
Design Life (yr) 100 75 100 100 100 100 100
Vintage (yr) 1912 2008 1914 1912 1921 1913 1920
Rehab-Lining No No No No No No No
HWCEF (c value) 75 120 65 100 60 100 100
R Thickness (%) 100 100 100 100 100 100 100
Tuberculation None None None None None None None
Leak No No No No No No No
Pipe Break No No No No No Yes No
Break <5 Years Ago No No No No No Yes No
Defect Type N/A N/A N/A N/A N/A Extreme N/A
Rehab Type N/A N/A N/A N/A N/A Segment N/A
Pressure Exceeded No No No No No No No
Pressure Surges No No No No No No No
Adequate Fire Flow Yes Yes Yes Yes Yes Yes Yes
Pressure Complaints No No No No No No No
Discolored Water No No No No No No No
Disturbances No No No No No No No
Flooding Never Never Never Never Never Never Never
Live Load Non-NHS | Unpaved| Non-NHS | Non-NHS | Non-NHS | Non-NHS NHS
Material Type Cl DI DI Copper Cl Copper Copper
Dissimilar Metals No No No Yes No Yes Yes
Cathodic Protection No No No No No No No
Stray Currents No No No No No No No
Soil Corrosivity Moderate Low Moderate High Moderde | Moderate | Moderate
Coating No Yes Yes No No No No

L Expectancy Output 3.46 1.52 3.50 3.46 3.60 3.50 3.62
S Condition Output 3.32 1.20 3.98 1.36 4.00 1.36 1.36
Break Rate Output 1.00 1.00 1.00 1.00 1.00 5.00 1.00
C Integrity Output 3.40 1.34 3.74 2.40 3.98 4.76 2.36
| Condition Output 1.00 1.00 1.00 1.00 1.00 1.00 1.00
E Stress Output 1.00 1.00 1.00 2.00 1.00 2.00 3.00
E Corrosion Output 2.00 1.00 1.00 4.00 2.00 3.00 3.00
Performance Output 3.40 1.36 3.74 4.00 3.98 4.76 3.00
Performance Rating Far Excellent Poor Poor Poor Very Poor Fair

Hazen Williams C Factor (HWCF), Remaining Thickness (R Thickness), Life Expectancy (L

Expectancy), Structural Condition (S Condition), Current Integrity (C Integrity), Internal
Condition (I Condition), Externalt&ss (E Stress), External Corrosion (E Corrosion)
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TableD.1 Field Data Samples Cont.

Sample Pipe 71 Pipe 72 Pipe 73 | Pipe 74 | Pipe 75 Pipe 76 | Pipe 77
Diameter (in) 6 6 6 6 6 6 6
Age (yr) 110 48 80 121 57 85 118
Design Life (yr) 120 75 100 120 75 100 120
Vintage (yr) 1900 1962 1930 1889 1953 1925 1892
Rehab-Lining No No No No No No No
HWCEF (c value) 75 85 75 75 80 75 75
R Thickness (%) 100 100 100 100 100 100 100
Tuberculation None None None None None None None
Leak No No No No No No No
Pipe Bres&k No No No No No No No
Break <5 Years Ago No No No No No No No
Defect Type N/A N/A N/A N/A N/A N/A N/A
Rehab Type N/A N/A N/A N/A N/A N/A N/A
Pressure Exceeded No No No No No No No
Pressure Surges No No No No No No No
Adequate Fire Flow Yes Yes Yes Yes Yes Yes Yes
Pressure Complaints No No No No No No No
Discolored Water No No No No No No No
Disturbances No No No No No No No
Flooding Never Never Never Never Never Never Never
Live Load Non-NHS | Non-NHS | Non-NHS NHS Non-NHS | Non-NHS NHS
Material Type Cl Cl Cl Cl Cl Cl Cl
Dissimilar Metals No No No No No No No
Cathodic Protection No No No No No No No
Stray Currents No No No No No No No
Soil Corrosivity Moderate | Moderate| Moderate Low Moderate | Moderate Low
Coating No No No No No No No
L Expectancy Output 1.22 2.46 3.62 1.22 3.00 3.56 1.22
S Condition Output 3.32 2.30 3.32 3.32 3.00 3.32 3.32
Break Rate Output 1.00 1.00 1.00 1.00 1.00 1.00 1.00
C Integrity Output 3.32 2.38 3.36 3.32 3.00 3.40 3.32
| Condition Output 1.00 1.00 1.00 1.00 1.00 1.00 1.00
E Stress Output 1.00 1.00 1.00 2.00 1.00 1.00 2.00
E Corrosion Output 2.00 2.00 2.00 1.00 2.00 2.00 1.00
Performance Output 3.32 2.36 3.36 3.32 3.00 3.40 3.32
Performance Rating Fair Good Fair Fair Fair Fair Fair

Hazen Williams C Factor (HWCHRemaining Thickness (R Thickness), Life Expectancy (L
Expectancy), Structural Condition (S Condition), Current Integrity (C Integrity), Internal
Condition (I Condition), External Stress (E Stress), External Corrosion (E Corrosion)
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TableD.1 Field Data Smples Cont.

Sample Pipe 78 Pipe 79 | Pipe 80 | Pipe 81 | Pipe 82 Pipe 83 Pipe 84
Diameter (in) 6 6 6 6 8 6 6
Age (yr) 120 87 81 97 57 40 71
Design Life (yr) 120 100 100 100 75 75 100
Vintage (yr) 1890 1923 1929 1913 1953 1970 1939
Rehab-Lining No No No No No No No
HWCEF (c value) 75 75 75 75 80 85 75
R Thickness (%) 100 100 100 100 100 100 100
Tuberculation None None None None None None None
Leak No No No No No No No
Pipe Break No No No No No No No
Break <5 Years Ago No No No No No No No
Defect Type N/A N/A N/A N/A N/A N/A N/A
Rehab Type N/A N/A N/A N/A N/A N/A N/A
Pressure Exceeded No No No No No No No
Pressure Surges No No No No No No No
Adequate Fire Flow Yes Yes Yes Yes Yes Yes Yes
Pressure Complaints No No No No No No No
Discolored Water No No No No No No No
Disturbances No No No No No No No
Flooding Never Never Never Never Never Never Never
Live Load NHS Non-NHS NHS NHS NHS NorntNHS | NonNHS
Material Type Cl Cl Cl Cl Cl Cl Cl
Dissimilar Metals No No No No No No No
Cathodic Protection No No No No No No No
Stray Currents No No No No No No No
Soil Corrosivity Moderate High Low Moderate| Moderate Low Moderate
Coating No No No No No No No

L Expectancy Output 1.22 3.56 3.62 3.50 3.00 2.32 2.50
S Condition Output 3.32 3.32 3.32 3.32 3.00 2.3 3.32
Break Rate Output 1.00 1.00 1.00 1.00 1.00 1.00 1.00
C Integrity Output 3.32 3.40 3.36 3.42 3.00 2.32 3.42

| Condition Output 1.00 1.00 1.00 1.00 1.00 1.00 1.00
E Stress Output 2.00 1.00 2.00 2.00 2.00 1.00 1.00
E Corrosion Output 2.00 3.00 1.00 2.00 2.00 1.00 2.00
Performance Output 3.32 3.40 3.36 3.42 3.00 2.32 3.42
Performance Rating Fair Fair Fair Fair Fair Good Fair

Hazen Williams C Factor (HWCF), Remaining Thickness (R Thickness), Life Expectancy (L

Expectancy), Structural Condition (ndition), Current Integrity (C Integrity), Internal
Condition (I Condition), External Stress (E Stress), External Corrosion (E Corrosion)
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TableD.1 Field Data Samples Cont.

Sample Pipe 85 | Pipe 86 | Pipe 87 Pipe 88 | Pipe 89 | Pipe 90 | Pipe 91
Diameter (in) 6 4 6 6 4 4 6
Age (yr) 52 118 52 59 111 120 70
Design Life (yr) 75 120 75 75 120 120 100
Vintage (yr) 1958 1892 1958 1951 1899 1890 1940
Rehab-Lining No No No No No No No
HWCEF (c value) 80 65 80 80 65 65 80
R Thickness (%) 100 100 100 100 100 100 100
Tuberculation None None None None None None None
Leak No No No No No No No
Pipe Break No No No No No No No
Break <5 Years Ago No No No No No No No
Defect Type N/A N/A N/A N/A N/A N/A N/A
Rehab Type N/A N/A N/A N/A N/A N/A N/A
Pressure Exceeded No No No No No No No
Pressure Surges No No No No No No No
Adequate Fire Flow Yes Yes Yes Yes Yes Yes Yes
Pressure Complaints No No No No No No No
Discolored Water No No No No No No No
Disturbances No No No No No No No
Flooding Never Never Never Never Newer Never Never
Live Load Non-NHS NHS Non-NHS | Non-NHS NHS NHS Non-NHS
Material Type Cl Cl Cl Cl Cl Cl Cl
Dissimilar Metals No No No No No No No
Cathodic Protection No No No No No No No
Stray Currents No No No No No No No
Soil Corrosivity Moderate Low Moderate | Moderate Low Moderate| Moderate
Coating No No No No No No No

L Expectancy Output 2.54 1.22 2.54 2.98 1.22 1.22 2.52
S Condition Output 3.00 3.98 3.00 3.00 3.98 3.98 3.00
Break Rate Output 1.00 1.00 1.00 1.00 1.00 1.00 1.00
C Integrity Output 3.00 3.88 3.00 3.00 3.88 3.88 3.00
| Condition Output 1.00 1.00 1.00 1.00 1.00 1.00 1.00
E Stress Output 1.00 2.00 1.00 1.00 2.00 2.00 1.00
E Corrosion Output 2.00 1.00 2.00 2.00 1.00 2.00 2.00
Performance Output 3.00 3.88 3.00 3.00 3.88 3.88 3.00
Performance Rating Fair Poor Fair Fair Poor Poor Fair

Hazen Williams C Factor (HWCF), Remaining Thickness (R Thickness), Life Expectancy (L
Expectancy), Structural Condition (S Condition), Current Integrity (C Integrity), Internal
Condition (I Condition), Eternal Stress (E Stress), External Corrosion (E Corrosion)
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TableD.1 Field Data Samples Cont.

Sample Pipe 92 Pipe 93 Pipe 94 Pipe 95 | Pipe 96 Pipe 97 | Pipe 98
Diameter (in) 6 6 2 12 1 12 12
Age (yr) 14 59 93 16 45 37 2
Design Life (yr) 75 75 50 75 75 75 75
Vintage (yr) 1996 1951 1917 1994 1965 1973 2008
Rehab-Lining No No No No No No No
HWCEF (c value) 100 80 50 110 80 95 125
R Thickness (%) 100 100 100 100 100 100 100
Tuberculation None None None None None None None
Leak No No No No No No No
Pipe Break No No Yes No No No No
Break <5 Years Ago No No Yes No No No No
Defect Type N/A N/A Extreme N/A N/A N/A N/A
Rehab Type N/A N/A Segment N/A N/A N/A N/A
Pressure Exceeded No No No No No No No
Pressure Surges No No No No No No No
Adequate Fire Flow Yes Yes Yes Yes Yes Yes Yes
Pressure Complaints No No No No No No No
Discolored Water No No No No No No No
Disturbances No No No No No No No
Flooding Never Never Never Never Never Never Never
Live Load Non-NHS | Non-NHS NHS NHS Non-NHS | Non-NHS | Unpaved
Material Type DI Cl Galvanized DI Cl DI DI
Dissimilar Metals No No No No No Yes No
Cathodic Protection No No No No No No No
Stray Currents No No No No No No No
Soil Corrosivity Moderate | Moderate| Moderate Low Moderate Low Low
Coating Yes No No Yes No Yes Yes
L Expectancy Output 1.36 2.98 4.44 1.32 2.42 2.40 1.52
S Condition Output 1.40 3.00 4.56 1.38 2.30 2.00 1.18
Break Rate Output 1.00 1.00 5.00 1.00 1.00 1.00 1.00
C Integrity Output 1.40 3.00 4.78 1.38 2.36 2.00 1.34
| Condition Output 1.00 1.00 1.00 1.00 1.00 1.00 1.00
E Stress Output 1.00 1.00 4.00 1.00 1.00 1.00 1.00
E Corrosion Output 1.00 2.00 2.00 1.00 2.00 1.00 1.00
Performance Output 1.40 3.00 4.76 1.38 2.36 2.00 1.36
Performance Rating Excellent Fair Very Poor | Excellent| Good Good Excellent

Hazen Williams C Factor (HWCF), Remaining Thickness (R Thickness), Life Expectancy (L

Expectancy), Structural Condition (S Condition), Current Integrity (C Integrity), Internal
Condition (I Condition), External Stress (E Stress), External Comd& Corrosion)
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TableD.1 Field Data Samples Cont.

Sample Pipe 99 Pipe 100 | Pipe 101 | Pipe 102 | Pipe 103 | Pipe 104 | Pipe 105
Diameter (in) 6 2 4 1 12 6 2
Age (yr) 95 53 120 85 2 94 45
Design Life (yr) 100 50 120 50 75 100 75
Vintage (yr) 1915 1957 1890 1925 2008 1916 1965
Rehab-Lining No No No No No No No
HWCEF (c value) 75 50 65 50 125 75 80

R Thickness (%) 100 100 100 100 100 100 100
Tuberculation None None None None None None None
Leak No No No No No No No
Pipe Break No No No Yes No No Yes
Break <5 Years Ago No No No No No No Yes
Defect Type N/A N/A N/A Extreme N/A N/A Extreme
Rehab Type N/A N/A N/A Segment N/A N/A Segment
Pressure Exceeded No No No No No No No
Pressure Surges No No No No No No No
Adequate Fire Flow Yes Yes Yes Yes Yes Yes Yes
Pressure Complaints No No No No No No No
Discolored Water No No No No No No No
Disturbances No No No No No No No
Flooding Never Never Never Never Never Never Never
Live Load Non-NHS | Non-NHS | Non-NHS | Non-NHS | Non-NHS | Non-NHS | Non-NHS
Material Type Cl Galvanized Cl Galvanized DI Cl Cl
Dissimilar Metals No Yes Yes Yes No No No
Cathodic Protection No No No No No No No
Stray Currents No No No No No No No
Soil Corrosivity High Moderate | Moderate| Moderate Low Low Low
Coating No No No No Yes No No

L Expectancy Output 3.52 4.62 1.22 4.44 1.52 3.54 2.42

S Condition Output 3.32 4.56 3.98 4.56 1.18 3.32 2.30
Break Rate Output 1.00 1.00 1.00 4.00 1.00 1.00 5.00

C Integrity Output 3.42 4.56 3.88 4.78 1.34 3.40 4.80

| Condition Output 1.00 1.00 1.00 1.00 1.00 1.00 1.00

E Stress Output 1.00 3.00 1.00 3.00 1.00 1.00 1.00

E Corrosion Output 3.00 3.00 3.00 3.00 1.00 1.00 1.00
Performance Output 3.42 4.56 3.88 4.76 1.36 3.40 4.80
Performance Rating Fair Very Poor Poor Very Poor | Excellent Fair Very Poor

HazenWilliams C Factor (HWCF), Remaining Thickness (R Thickness), Life Expectancy (L
Expectancy), Structural Condition (S Condition), Current Integrity (C Integrity), Internal
Condition (I Condition), External Stress (E Stress), External Corrosion (E Corrosion)
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TableD.1 Field Data Samples Cont.

Sample Pipe 106 | Pipe 107 | Pipe 108 | Pipe 109| Pipe 110 | Pipe 111 | Pipe 112
Diameter (in) 6 6 6 12 4 2 8
Age (yr) 95 85 58 15 121 72 20
Design Life (yr) 100 100 75 75 120 100 75
Vintage (yr) 1915 1925 1952 1995 1889 1938 1990
Rehab-Lining No No No No No No No
HWCEF (c value) 75 75 80 110 65 60 105
R Thickness (%) 100 100 100 100 100 100 100
Tuberculation None None None None None None None
Leak No No No No No No No
Pipe Break Yes No No No No No No
Break <5 Years Ago Yes No No No No No No
Defect Type Extreme N/A N/A N/A N/A N/A N/A
Rehab Type Segment N/A N/A N/A N/A N/A N/A
Pressure Exceeded No No No No No No No
Pressure Surges No No No No No No No
Adequate Fire Flow Yes Yes Yes Yes Yes Yes Yes
Pressure Complains No No No No No No No
Discolored Water No No No No No No No
Disturbances No No No No No No No
Flooding Never Never Never Never Never Never Never
Live Load Non-NHS | Non-NHS NHS NHS NHS Non-NHS NHS
Material Type Cl Cl Cl DI Cl Cl ]|
Dissimilar Metals No No Yes No No No No
Cathodic Protection No No No No No No No
Stray Currents No No No No No No No
Soil Corrosivity Low Moderate Low Low Moderate| Moderate Low
Coating No No No Yes No No Yes
L Expectancy Output 3.52 3.56 3.00 1.32 1.22 2.48 2.98
S Condtion Output 3.32 3.32 3.00 1.38 3.98 4.00 1.34
Break Rate Output 5.00 1.00 1.00 1.00 1.00 1.00 1.00
C Integrity Output 4.78 3.40 3.00 1.38 3.88 3.98 1.82
| Condition Output 1.00 1.00 1.00 1.00 1.00 1.00 1.00
E Stress Output 1.00 1.00 2.00 1.00 2.00 1.00 1.00
E Corrosion Output 1.00 2.00 3.00 1.00 2.00 2.00 1.00
Performance Output 4.76 3.40 3.00 1.38 3.88 3.98 1.84
Performance Rating Very Poor Fair Fair Excellent Poor Poor Good

Hazen Williams C Factor (HWCF), Remaining Thickness (R Thickness)Ekgectancy (L

Expectancy), Structural Condition (S Condition), Current Integrity (C Integrity), Internal
Condition (I Condition), External Stress (E Stress), External Corrosion (E Corrosion)
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TableD.1 Field Data Samples Cont.

Sample Pipe 113 | Pipe 114 | Pipe 115 | Pipe 116 | Pipe 117 | Pipe 118 | Pipe 119
Diameter (in) 2 1 10 1 6 6 2
Age (yr) 19 4 111 85 16 46 69
Design Life (yr) 75 75 120 100 75 75 100
Vintage (yr) 1991 2006 1899 1925 1994 1964 1941
Rehab-Lining No No No No No No No
HWCEF (c value) 90 100 80 60 100 85 70

R Thickness (%) 100 100 100 100 100 100 100
Tuberculation None None None None None None None
Leak No No No No No No No
Pipe Break No No Yes No No No Yes
Break <5 Years Ago No No Yes No No No Yes
Defect Type N/A N/A Extreme N/A N/A N/A Extreme
Rehab Type N/A N/A Segment N/A N/A N/A Segment
Pressure Exceeded No No No No No No No
Pressure Surges No No No No No No No
Adequate Fire Flow Yes Yes Yes Yes Yes Yes Yes
Pressure Complaints No No No No No No No
Discolored Water No No No No No No No
Disturbances No No No No No No No
Flooding Never Never Never Never Never Never Never
Live Load Non-NHS | Non-NHS | Non-NHS | Non-NHS | Non-NHS NHS NHS
Material Type Cl Copper Cl Cl DI Cl Cl
Dissimilar Metals No Yes No No No No No
Cathodic Protection No No No No No No No
Stray Currents No No No No No No No
Soil Corrosivity Moderate | Moderate| Moderate | Moderate| Moderate Low Moderate
Coating No No No No Yes No No

L Expectancy Output 2.98 1.48 1.22 3.56 1.32 2.44 2.54

S Condition Output 1.54 1.36 3.32 4.00 1.40 2.30 3.28
Break Rate Output 1.00 1.00 5.00 1.00 1.00 1.00 5.00

C Integrity Output 1.76 1.42 4.84 4.00 1.40 2.38 4.78

| Condition Output 1.00 1.00 1.00 1.00 1.00 1.00 1.00

E Stress Output 1.00 2.00 1.00 1.00 1.00 2.00 2.00

E Corrosion Output 2.00 3.00 2.00 2.00 1.00 1.00 2.00
Performance Output 2.00 3.00 4.84 4.00 1.40 2.36 4.76
Performance Rating Good Fair Very Poor Poor Excellent Good Very Poor

Hazen Williams C Factor (HWCF), Remaining Thickness (R Thickness), Life Expectancy (L

Expectancy) Structural Condition (S Condition), Current Integrity (C Integrity), Internal
Condition (I Condition), External Stress (E Stress), External Corrosion (E Corrosion)
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TableD.1 Field Data Samples Cont.

Sample Pipe 120 | Pipe 121 | Pipe 122 | Pipe 123 | Pipe 124 | Pipe 125 | Pipe 126
Diameter (in) 6 6 8 1 6 1 1
Age (yr) 87 71 70 97 36 55 71
Design Life (yr) 100 100 100 100 75 75 100
Vintage (yr) 1923 1939 1940 1913 1974 1955 1939
Rehab-Lining No No No No No No No
HWCEF (c value) 75 75 80 100 90 100 60
R Thickness(%) 100 100 100 100 100 100 100
Tuberculation None None None None None None None
Leak No No No No No No No
Pipe Break No No No Yes No No No
Break <5 Years Ago No No No Yes No No No
Defect Type N/A N/A N/A Extreme N/A N/A N/A
Rehab Type N/A N/A N/A Segment N/A N/A N/A
Pressure Exceeded No No No No No No No
Pressure Surges No No No No No No No
Adequate Fire Flow Yes Yes Yes Yes Yes Yes Yes
Pressure Complaints No No No No No No No
Discolored Water No No No No No No No
Disturbances No No No No No No No
Flooding Never Never Never Never Never Never Never
Live Load Non-NHS | Non-NHS | Non-NHS | Non-NHS | Non-NHS NHS Non-NHS
Material Type Cl Cl Cl Copper DI Copper Cl
Dissimilar Metals No No No Yes No No No
Cathodic Protection No No No No No No No
Stray Currents No No No No No No No
Soil Corrosivity Moderate | Moderate High Moderate Low Moderate High
Coating No No No No Yes No No
L Expectancy Output 3.56 2.50 2.52 3.50 2.42 3.00 2.50
S Condition Output 3.32 3.32 3.00 1.36 1.98 1.36 4.00
Break Rate Output 1.00 1.00 1.00 5.00 1.00 1.00 1.00
C Integrity Output 3.40 3.42 3.00 4.76 1.78 1.98 4.00
| Condition Output 1.00 1.00 1.00 1.00 1.00 1.00 1.00
E Stress Output 1.00 1.00 1.00 2.00 1.00 3.00 1.00
E Corrosion Output 2.00 2.00 3.00 3.00 1.00 2.00 3.00
Performance Output 3.40 3.42 3.00 4.76 1.78 3.00 4.00
Performance Rating Fair Fair Fair Very Poor Good Fair Poor

Hazen Williams C Factor (HWCF), Remaining Thickness (R Thickness), Life Expectancy (L

Expectancy), Structural Condition (S Condition), Curidetegrity (C Integrity), Internal
Condition (I Condition), External Stress (E Stress), External Corrosion (E Corrosion)
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TableD.1 Field Data Samples Cont.

Sample Pipe 127 | Pipe 128 | Pipe 129 | Pipe 130 | Pipe 131 | Pipe 132 | Pipe 133
Diameter (in) 6 6 12 6 1 6 8
Age (yr) 29 38 15 84 80 85 26
Design Life (yr) 75 75 75 100 100 100 75
Vintage (yr) 1981 1972 1995 1926 1930 1925 1984
Rehab-Lining No No No No No No No
HWCEF (c value) 95 90 110 75 100 75 105
R Thickness (%) 100 100 100 100 100 100 100
Tuberculation None None None None None None None
Leak No No No No No No No
Pipe Break No No No No No No No
Break <5 Years Ago No No No No No No No
Defect Type N/A N/A N/A N/A N/A N/A N/A
Rehab Type N/A N/A N/A N/A N/A N/A N/A
Pressure Exceeded No No No No No No No
Pressure Surges No No No No No No No
Adequate Fire Flow Yes Yes Yes Yes Yes Yes Yes
Pressure Complaints No No No No No No No
Discolored Water No No No No No No No
Disturbances No No No No No No No
Flooding Never Never Never Never Never Never Neve
Live Load NHS Non-NHS NHS NHS Non-NHS NHS Non-NHS
Material Type Cl DI DI Cl Copper Cl ]|
Dissimilar Metals No No No No Yes No No
Cathodic Protection No No No No No No No
Stray Currents No No No No No No No
Soil Corrosivity Moderate Low Moderate Low Moderate | Moderate Low
Coating No Yes Yes No No No Yes
L Expectancy Output 2.58 2.38 1.32 3.56 3.62 3.56 2.74
S Condition Output 1.52 1.98 1.38 3.32 1.36 3.32 1.34
Break Rate Output 1.00 1.00 1.00 1.00 1.00 1.00 1.00
C Integrity Output 1.54 1.80 1.38 3.40 2.36 3.40 1.70
| Condition Output 1.00 1.00 1.00 1.00 1.00 1.00 1.00
E Stress Output 2.00 1.00 1.00 2.00 2.00 2.00 1.00
E Corrosion Output 2.00 1.00 1.00 1.00 3.00 2.00 1.00
Performance Output 2.00 1.80 1.38 3.40 3.00 3.40 1.72
Performance Rating Good Good Excellent Fair Fair Fair Good

Hazen Williams C Factor (HWCF), Remaining Thickness (R Thickness), Life Expectancy (L

Expectancy), Structural Condition (S Condition), Current Integrity (C Integrity), Internal
Condition (I Condition), External 8iss (E Stress), External Corrosion (E Corrosion)
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TableD.1 Field Data Samples Cont.

Sample Pipe 134 | Pipe 135 | Pipe 136 | Pipe 137 | Pipe 138 | Pipe 139 | Pipe 140
Diameter (in) 1 6 12 6 6 12 6
Age (yr) 105 12 12 40 28 54 28
Design Life (yr) 120 75 75 75 75 75 75
Vintage (yr) 1905 1998 1998 1970 1982 1956 1982
Rehab-Lining No No No No No No No
HWCEF (c value) 60 95 105 90 95 85 100
R Thickness (%) 100 100 100 100 100 100 100
Tuberculation None None None None None None None
Leak No No No No No No No
Pipe Break No No No No No No No
Break <5 Years Ago No No No No No No No
Defect Type N/A N/A N/A N/A N/A N/A N/A
Rehab Type N/A N/A N/A N/A N/A N/A N/A
Pressure Exceeded No No No No No No No
Pressure Surges No No No No No No No
Adequate Fire Flow Yes Yes Yes Yes Yes Yes Yes
Pressure Complaints No No No No No No No
Discolored Water No No No No No No No
Disturbances No No No No No No No
Flooding Never Never Never Never Never Never Never
Live Load NHS NHS NHS Non-NHS NHS NorntNHS | NonNHS
Material Type Cl Cl Cl DI Cl Cl ]|
Dissimilar Metals No Yes No No No No No
Cathodic Protection No No No No No No No
Stray Currents No No No No No No No
Soil Corrosivity Moderate| Moderate| Moderate| Moderate | Moderate| Moderate| Moderate
Coating No No No Yes No No Yes
L Expectancy Output 1.22 1.38 1.38 2.32 2.64 2.60 2.64
S Condition Output 4.00 1.52 1.50 1.98 1.52 3.00 1.40
Break Rate Output 1.00 1.00 1.00 1.00 1.00 1.00 1.00
C Integrity Output 4.00 1.52 1.50 1.82 1.56 3.00 1.60
| Condition Output 1.00 1.00 1.00 1.00 1.00 1.00 1.00
E Stress Output 2.00 2.00 2.00 1.00 2.00 1.00 1.00
E Corrosion Output 2.00 3.00 2.00 1.00 2.00 2.00 1.00
Performance Output 4.00 3.00 2.00 1.84 2.00 3.00 1.60
Performance Rating Poor Fair Good Good Good Fair Good

Hazen Williams C FactqiHWCF), Remaining Thickness (R Thickness), Life Expectancy (L
Expectancy), Structural Condition (S Condition), Current Integrity (C Integrity), Internal
Condition (I Condition), External Stress (E Stress), External Corrosion (E Corrosion)
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TableD.1 Field Data Samples Cont.

Sample Pipe 141 | Pipe 142 | Pipe 143 | Pipe 144 | Pipe 145 | Pipe 146 | Pipe 147
Diameter (in) 6 12 16 8 1 8 2
Age (yr) 63 16 119 8 82 55 93
Design Life (yr) 75 75 120 75 100 75 50
Vintage (yr) 1947 1994 1891 2002 1928 1955 1917
Rehab-Lining No No No No No No No
HWCEF (c value) 80 110 85 120 100 80 50

R Thickness (%) 100 100 100 100 100 100 100
Tuberculation None None None None None None None
Leak No No No No No No No
Pipe Break No No No No No No No
Break <5 Years Ago No No No No No No No
Defect Type N/A N/A N/A N/A N/A N/A N/A
Rehab Type N/A N/A N/A N/A N/A N/A N/A
Pressure Exceeded No No No No No No No
Pressure Surges No No No No No No No
Adequate Fire Flow Yes Yes Yes Yes Yes Yes Yes
Pressure Complaints No No No No No No No
Discolored Water No No No No No No No
Disturbances No No No No No No No
Flooding Never Never Never Never Never Never Never
Live Load Non-NHS NHS NHS NHS NHS NorntNHS | NonNHS
Material Type Cl DI Cl DI Copper Cl Galvanized
Dissimilar Metals No Yes No No Yes No Yes
Cathodic Protection No No No No No No No
Stray Currents No No No No No No No
Soil Corrosivity Moderate Low Moderate Low Moderate Low High
Coating No Yes No Yes No No No

L Expectancy Output 3.30 1.32 1.22 1.46 3.60 3.00 4.44

S Condition Output 3.00 1.38 3.30 1.20 1.36 3.00 4.56
Break Rate Output 1.00 1.00 1.00 1.00 1.00 1.00 1.00

C Integrity Output 3.00 1.38 3.32 1.32 2.36 3.00 4.56

| Condition Output 1.00 1.00 1.00 1.00 1.00 1.00 1.00

E Stress Output 1.00 1.00 2.00 1.00 3.00 1.00 3.00

E Corrosion Output 2.00 1.00 2.00 1.00 3.00 1.00 4.00
Performance Output 3.00 1.38 3.32 1.32 3.00 3.00 4.56
Performance Rating Fair Excellent Fair Excellent Fair Fair Very Poor

Hazen Williams C Factor (HWCF), Remaining Thickness (R Thickness), Life Expgdtia

Expectancy), Structural Condition (S Condition), Current Integrity (C Integrity), Internal
Condition (I Condition), External Stress (E Stress), External Corrosion (E Corrosion)
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TableD.1 Field Data Samples Cont.

Sample Pipe 148 | Pipe 149 | Pipe 150 Pipe 151 | Pipe 152 | Pipe 153 | Pipe 154
Diameter (in) 1 6 6 8 1 6 1
Age (yr) 90 82 79 119 110 85 37
Design Life (yr) 100 100 50 120 120 100 75
Vintage (yr) 1920 1928 1931 1891 1900 1925 1973
Rehab-Lining No No No No No No No
HWCEF (c value) 60 75 50 75 60 75 80
R Thickness (%) 100 100 100 100 100 100 100
Tuberculation None None None None None None None
Leak No No No No No No No
Pipe Break No No No Yes No No No
Break <5 Years Ago No No No Yes No No No
Defect Type N/A N/A N/A Extreme N/A N/A N/A
RehabType N/A N/A N/A Segment N/A N/A N/A
Pressure Exceeded No No No No No No No
Pressure Surges No No No No No No No
Adequate Fire Flow Yes Yes Yes Yes Yes Yes Yes
Pressure Complaints No No No No No No No
Discolored Water No No No No No No No
Disturbances No No No No No No No
Flooding Never Never Never Never Never Never Never
Live Load NHS NHS NHS NornNHS NHS NonNHS | Non-NHS
Material Type Cl Cl Galvanized Cl Cl Cl Cl
Dissimilar Metals No Yes Yes No No No No
Cathodic Protection No No No No No No No
Stray Currents No No No No No No No
Soil Corrosivity Moderate| Moderate High Low Moderate| Moderate | Moderate
Coating No No No No No No No

L Expectancy Output 3.62 3.60 4.34 1.22 1.22 3.56 2.40
S Condition Output 4.00 3.32 4.66 3.32 4.00 3.32 2.30
Break Rate Output 1.00 1.00 1.00 5.00 1.00 1.00 1.00
C Integrity Output 4.00 3.38 4.64 4.84 4.00 3.40 2.36
| Condition Output 1.00 1.00 1.00 1.00 1.00 1.00 1.00
E Stress Output 2.00 2.00 4.00 1.00 2.00 1.00 1.00
E Corrosion Output 2.00 3.00 4.00 1.00 2.00 2.00 2.00
Performance Output 4.00 3.38 4.64 4.84 4.00 3.40 2.36
Performance Rating Poor Fair Very Poor | Very Poor Poor Fair Good

Hazen Williams C Factor (HWCF), Remaining Thickness (R Thickness), Life Expectancy (L
Expectancy), Structural Condition (S Carah), Current Integrity (C Integrity), Internal
Condition (I Condition), External Stress (E Stress), External Corrosion (E Corrosion)
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TableD.1 Field Data Samples Cont.

Sample Pipe 155 | Pipe 156 | Pipe 157 | Pipe 158 | Pipe 159 | Pipe 160 | Pipe 161
Diameter (in) 1 6 2 2 6 1 6
Age (yr) 85 31 58 70 40 63 58
Design Life (yr) 100 75 75 100 75 75 75
Vintage (yr) 1925 1979 1952 1940 1970 1947 1952
Rehab-Lining No No No No No No No
HWCEF (c value) 60 90 70 70 85 75 80
R Thickness (%) 100 100 100 100 100 100 100
Tuberculation None None None None None None None
Leak No No No No No No No
Pipe Break No No No Yes No No No
Break <5 Years Ago No No No Yes No No No
Defect Type N/A N/A N/A Extreme N/A N/A N/A
Rehab Type N/A N/A N/A Segment N/A N/A N/A
Pressure Exceedd No No No No No No No
Pressure Surges No No No No No No No
Adequate Fire Flow Yes Yes Yes Yes Yes Yes Yes
Pressure Complaints No No No No No No No
Discolored Water No No No No No No No
Disturbances No No No No No No No
Flooding Never Never Never Never Never Never Never
Live Load NHS Non-NHS | Non-NHS | Non-NHS NHS Non-NHS | Non-NHS
Material Type Cl DI Cl Cl Cl DI Cl
Dissimilar Metals No No No No No No No
Cathodic Protection No No No No No No No
Stray Currents No No No No No No No
Soil Corrosivity Moderate| Moderate Low Low Moderate Low Low
Coating No Yes No No No Yes No
L Expectancy Output 3.56 2.50 3.00 2.52 2.32 3.30 3.00
S Condition Output 4.00 1.98 3.28 3.28 2.30 3.00 3.00
Break Rate Output 1.00 1.00 1.00 5.00 1.00 1.00 1.00
C Integrity Outpu t 4.00 1.74 3.28 4.78 2.32 3.00 3.00
| Condition Output 1.00 1.00 1.00 1.00 1.00 1.00 1.00
E Stress Output 2.00 1.00 1.00 1.00 2.00 1.00 1.00
E Corrosion Output 2.00 1.00 1.00 1.00 2.00 1.00 1.00
Performance Output 4.00 1.76 3.28 4.76 2.32 3.00 3.00
Performance Rating Poor Good Fair Very Poor Good Fair Fair

Hazen Williams C Factor (HWCF), Remaining Thickness (R Thickness), Life Expectancy (L

Expectancy), Structural Condition (S Condition), Current Integrity (C Integrity), Internal
Condition (I Condiion), External Stress (E Stress), External Corrosion (E Corrosion)
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TableD.1 Field Data Samples Cont.

Sample Pipe 162 | Pipe 163 | Pipe 164 | Pipe 165 | Pipe 166 | Pipe 167 | Pipe 168
Diameter (in) 16 6 4 2 6 6 8
Age (yr) 93 96 121 121 83 110 121
Design Life (yr) 100 100 120 120 100 120 120
Vintage (yr) 1917 1914 1889 1889 1927 1900 1889
Rehab-Lining No No No No No No No
HWCEF (c value) 85 75 65 60 75 75 75
R Thickness (%) 100 100 100 100 100 100 100
Tuberculation None None None None None None None
Leak No No No No No No No
Pipe Break No No No No No No No
Break <5 Years Ago No No No No No No No
Defect Type N/A N/A N/A N/A N/A N/A N/A
Rehab Type N/A N/A N/A N/A N/A N/A N/A
Pressure Exceeded No No No No No No No
Pressure Surges No No No No No No No
Adequate Fire Flow Yes Yes Yes Yes Yes Yes Yes
Pressure Complaints No No No No No No No
Discolored Water No No No No No No No
Disturbances No No No No No No No
Flooding Never Never Never Never Never Never Never
Live Load Non-NHS | Non-NHS NHS Non-NHS | Non-NHS | Non-NHS NHS
Material Type Cl Cl Cl Cl Cl Cl Cl
Dissimilar Metals No No No Yes No No No
Cathodic Protection No No No No No No No
Stray Currents No No No No No No No
Soil Corrosivity Low Moderate Low High Low Moderate Low
Coating No No No No No No No
L Expectancy Output 3.56 3.50 1.22 1.22 3.58 1.22 1.22
S Condition Output 3.30 3.32 3.98 4.00 3.32 3.32 3.32
Break Rate Output 1.00 1.00 1.00 1.00 1.00 1.00 1.00
C Integrity Output 3.38 3.42 3.88 4.00 3.38 3.32 3.32
| Condition Output 1.00 1.00 1.00 1.00 1.00 1.00 1.00
E Stress Output 1.00 1.00 2.00 1.00 1.00 1.00 2.00
E Corrosion Output 1.00 2.00 1.00 4.00 1.00 2.00 1.00
Performance Output 3.38 3.42 3.88 4.00 3.38 3.32 3.32
Performance Rating Fair Fair Poor Poor Fair Fair Fair

Hazen Williams C Fetor (HWCF), Remaining Thickness (R Thickness), Life Expectancy (L
Expectancy), Structural Condition (S Condition), Current Integrity (C Integrity), Internal
Condition (I Condition), External Stress (E Stress), External Corrosion (E Corrosion)
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TableD.1 Field Data Samples Cont.

Sample Pipe 169 | Pipe 170 | Pipe 171 | Pipe 172| Pipe 173 | Pipe 174 | Pipe 175
Diameter (in) 8 8 6 6 6 8 6
Age (yr) 54 59 54 24 71 56 53
Design Life (yr) 75 75 75 75 100 75 75
Vintage (yr) 1956 1951 1956 1986 1939 1954 1957
Rehab-Lining No No No No No No No
HWCEF (c value) 80 80 80 95 75 80 80
R Thickness (%) 100 100 100 100 100 100 100
Tuberculation None None None None None None None
Leak No No No No No No No
Pipe Break No No No No No No No
Break <5 Years Ago No No No No No No No
Defect Type N/A N/A N/A N/A N/A N/A N/A
Rehab Type N/A N/A N/A N/A N/A N/A N/A
Pressure Exceeded No No No No No No No
Pressure Surges No No No No No No No
Adequate Fire Flow Yes Yes Yes Yes Yes Yes Yes
Pressure Complaints No No No No No No No
Discolored Water No No No No No No No
Disturbances No No No No No No No
Flooding Never Never Never Never Never Never Never
Live Load Interstate| Non-NHS | Non-NHS | Unpaved| Non-NHS NHS Non-NHS
Material Type Cl Cl Cl Cl Cl Cl Cl
Dissimilar Metals No No No No No No No
Cathodic Protection No No No No No No No
Stray Currents No No No No No No No
Soil Corrosivity Low Moderate | Moderate Low Moderate | Moderate Low
Coating No No No No No No No
L Expectancy Output 2.60 2.98 2.60 3.00 2.50 3.00 2.56
S Condition Output 3.00 3.00 3.00 1.52 3.32 3.00 3.00
Break Rate Output 1.00 1.00 1.00 1.00 1.00 1.00 1.00
C Integrity Output 3.00 3.00 3.00 2.00 3.42 3.00 3.00
| Condition Output 1.00 1.00 1.00 1.00 1.00 1.00 1.00
E Stress Output 3.00 1.00 1.00 1.00 1.00 2.00 1.00
E Corrosion Output 1.00 2.00 2.00 1.00 2.00 2.00 1.00
Performance Output 3.00 3.00 3.00 2.00 3.42 3.00 3.00
Performance Rating Fair Fair Fair Good Fair Fair Fair

Hazen Williams C Factor (HWCF), Remaining Thickness (R Thickness), Life Expectancy (L
Expectany), Structural Condition (S Condition), Current Integrity (C Integrity), Internal
Condition (I Condition), External Stress (E Stress), External Corrosion (E Corrosion)
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TableD.1 Field Data Samples Cont.

Sample Pipe 176 | Pipe 177 | Pipe 178 | Pipe 179 | Pipe 18 | Pipe 181 | Pipe 182
Diameter (in) 12 4 12 8 1 6 1
Age (yr) 26 119 58 121 43 88 42
Design Life (yr) 75 120 75 120 75 100 75
Vintage (yr) 1984 1891 1952 1889 1967 1922 1968
Rehab-Lining No No No No No No No
HWCEF (c value) 110 65 85 75 80 75 80
R Thickness (%) 100 100 100 100 100 100 100
Tuberculation None None None None None None None
Leak No No No No No No No
Pipe Break No No No No No No No
Break <5 Years Ago No No No No No No No
Defect Type N/A N/A N/A N/A N/A N/A N/A
Rehab Type N/A N/A N/A N/A N/A N/A N/A
Pressure Exceeded No No No No No No No
Pressure Surges No No No No No No No
Adequate Fire Flow Yes Yes Yes Yes Yes Yes Yes
Pressure Complaints No No No No No No No
Discolored Water No No No No No No No
Disturbances No No No No No No No
Flooding Never Never Never Never Never Never Never
Live Load Non-NHS NHS NHS NonNHS | Unpaved | NOn-NHS | Non-NHS
Material Type DI Cl Cl Cl Cl Cl Cl
Dissimilar Metals Yes No Yes No No No No
Cathodic Protection No No No No No No No
Stray Currents No No No No No No No
Soil Corrosivity Low High Low Low Moderate High Moderate
Coating Yes No No No No No No

L Expectancy Output 2.74 1.22 3.00 1.22 2.40 3.58 2.38
S Condition Output 1.38 3.98 3.00 3.32 2.30 3.32 2.30
Break Rate Output 1.00 1.00 1.00 1.00 1.00 1.00 1.00
C Integrity Output 1.68 3.88 3.00 3.32 2.36 3.38 2.34
| Condition Output 1.00 1.00 1.00 1.00 1.00 1.00 1.00
E Stress Output 1.00 2.00 2.00 1.00 1.00 1.00 1.00
E Corrosion Output 1.00 3.00 3.00 1.00 2.00 3.00 2.00
Performance Output 1.68 3.88 3.00 3.32 2.36 3.38 2.32
Performance Rating Good Poor Fair Fair Good Fair Good

Hazen Williams C Factor (HWCF), Remaining Thickness (R Thickness), Life Expectancy (L

Expectancy), Structural Condition (S Condition), Current Integrity (C Integrity), ktern
Condition (I Condition), External Stress (E Stress), External Corrosion (E Corrosion)
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TableD.1 Field Data Samples Cont.

Sample Pipe 183 | Pipe 184 | Pipe 185 | Pipe 186 | Pipe 187 | Pipe 188 | Pipe 189
Diameter (in) 6 6 6 2 4 6 8
Age (yr) 59 106 101 2 121 6 71
Design Life (yr) 75 120 120 75 120 75 100
Vintage (yr) 1951 1904 1909 2008 1889 2004 1939
Rehab-Lining No No No No No No No
HWCEF (c value) 80 75 75 115 65 120 75
R Thickness (%) 100 100 100 100 100 100 100
Tuberculation None None None None None None None
Leak No No No No No No No
Pipe Break No No No No No Yes No
Break <5 Years Ago No No No No No No No
Defect Type N/A N/A N/A N/A N/A Extreme N/A
Rehab Type N/A N/A N/A N/A N/A Segment N/A
Pressure Exceeded No No No No No No No
Pressure Surges No No No No No No No
Adequate Fire Flow Yes Yes Yes Yes Yes Yes Yes
Pressure Complaints No No No No No No No
Discolored Water No No No No No No No
Disturbances No No No No No No No
Flooding Never Never Never Never Never Never Never
Live Load Non-NHS | Non-NHS NHS Non-NHS NHS NHS Non-NHS
Material Type Cl Cl Cl DI Cl DI Cl
Dissimilar Metals No No No Yes Yes No No
Cathodic Protection No No No No No No No
Stray Currents No No No No No No No
Soil Corrosivity Moderate | Moderate | Moderate High Low Moderate Low
Coating No No No Yes No Yes No
L Expectancy Output 2.98 1.22 1.36 1.52 1.22 1.48 2.50
S Condition Output 3.00 3.32 3.32 1.22 3.98 1.20 3.32
Break Rate Output 1.00 1.00 1.00 1.00 1.00 4.00 1.00
C Integrity Output 3.00 3.32 3.36 1.36 3.88 3.98 3.42
| Condition Output 1.00 1.00 1.00 1.00 1.00 1.00 1.00
E Stress Output 1.00 1.00 2.00 1.00 2.00 1.00 1.00
E Corrosion Output 2.00 2.00 2.00 1.00 3.00 1.00 1.00
Performance Output 3.00 3.32 3.36 1.36 3.88 3.98 3.42
Performance Rating Fair Fair Fair Excellent Poor Poor Fair

Hazen Williams C Factor (HWCF), Remaining Thickness (R Thickness), Life Expectancy (L

Expectancy), Structural Condition (S Condition), Current Integrity (C Integrity), Internal
Condition (I Condition), External Stress (E Stress), Evke€orrosion (E Corrosion)
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TableD.1 Field Data Samples Cont.

Sample Pipe 190 | Pipe 191 | Pipe 192 | Pipe 193 | Pipe 194 | Pipe 195 | Pipe 196
Diameter (in) 1 2 1 8 6 2 6
Age (yr) 102 50 110 57 84 53 52
Design Life (yr) 120 75 120 75 100 75 75
Vintage (yr) 1908 1960 1900 1953 1926 1957 1958
Rehab-Lining No No No No No No No
HWCEF (c value) 60 80 60 80 75 70 80
R Thickness (%) 100 100 100 100 100 100 100
Tuberculation None None None None None None None
Leak No No No No No No No
Pipe Break No No No No No No No
Break <5 Years Ago No No No No No No No
Defect Type N/A N/A N/A N/A N/A N/A N/A
Rehab Type N/A N/A N/A N/A N/A N/A N/A
Pressure Exceeded No No No No No No No
Pressure Surges No No No No No No No
Adequate Fire Flow Yes Yes Yes Yes Yes Yes Yes
Pressure Complaints No No No No No No No
Discolored Water No No No No No No No
Disturbances No No No No No No No
Flooding Never Never Never Never Never Never Never
Live Load NHS Non-NHS NHS Non-NHS | Non-NHS | Non-NHS | Non-NHS
Material Type Cl Cl Cl Cl Cl Cl Cl
Dissimilar Metals No No No No No Yes No
Cathodic Protection No No No No No No No
Stray Currents No No No No No No No
Soil Corrosivity Moderate| Moderate| Moderate| Moderate| Moderate| Moderate | Moderate
Coating No No No No No No No

L Expectancy Output 1.34 2.46 1.22 3.00 3.56 2.56 2.54
S Condition Output 4.00 2.30 4.00 3.00 3.32 3.28 3.00
Break Rate Output 1.00 1.00 1.00 1.00 1.00 1.00 1.00
C Integrity Output 4.00 2.38 4.00 3.00 3.40 3.36 3.00
| Condition Output 1.00 1.00 1.00 1.00 1.00 1.00 1.00
E Stress Output 2.00 1.00 2.00 1.00 1.00 1.00 1.00
E Corrosion Output 2.00 2.00 2.00 2.00 2.00 3.00 2.00
Performance Output 4.00 2.36 4.00 3.00 3.40 3.36 3.00
Performance Rating Poor Good Poor Fair Fair Fair Fair

Hazen Williams C Factor (HWCF), Remainifgickness (R Thickness), Life Expectancy (L
Expectancy), Structural Condition (S Condition), Current Integrity (C Integrity), Internal
Condition (I Condition), External Stress (E Stress), External Corrosion (E Corrosion)
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TableD.1 Field Data Samples Cant

Sample Pipe 197 | Pipe 198 | Pipe 199 | Pipe 200 | Pipe 201 | Pipe 202 | Pipe 203
Diameter (in) 8 8 6 0.75 2 1.25 6
Age (yr) 99 40 59 27 72 57 85
Design Life (yr) 100 75 75 75 100 75 100
Vintage (yr) 1911 1970 1951 1983 1938 1953 1925
Rehab-Lining No No No No No No No
HWCEF (c value) 75 95 80 100 60 70 75
R Thickness (%) 100 100 100 100 100 100 100
Tuberculation None None None None None None None
Leak No No No No No No No
Pipe Break No No No Yes No Yes No
Break <5 Years Ago No No No Yes No Yes No
Defect Type N/A N/A N/A Extreme N/A Extreme N/A
Rehab Type N/A N/A N/A Segment N/A Segment N/A
Pressure Exceeded No No No No No No No
Pressure Surges No No No No No No No
Adequate Fire Flow Yes Yes Yes Yes Yes Yes Yes
Pressure Complaints No No No No No No No
Discolored Water No No No No No No No
Disturbances No No No No No No No
Flooding Never Never Never Never Never Never Never
Live Load Non-NHS | Unpaved NHS NOn-NHS | Non-NHS | Non-NHS | Non-NHS
Material Type Cl DI Cl Copper Cl Cl Cl
Dissimilar Metals No Yes Yes Yes Yes No No
Cathodic Protection No No No No No No No
Stray Currents No No No No No No No
Soil Corrosivity Moderate Low Moderate High Moderate | Moderate | Moderate
Coating No Yes No No No No No

L Expectancy Output 3.44 2.32 2.98 2.68 2.48 3.00 3.56
S Condition Output 3.32 1.52 3.00 1.36 4.00 3.28 3.32
Break Rate Output 1.00 1.00 1.00 5.00 1.00 5.00 1.00
C Integrity Output 3.40 1.52 3.00 4.82 3.98 4.86 3.40
| Condition Output 1.00 1.00 1.00 1.00 1.00 1.00 1.00
E Stress Output 1.00 1.00 2.00 2.00 1.00 1.00 1.00
E Corrosion Output 2.00 1.00 3.00 4.00 3.00 2.00 2.00
Performance Output 3.40 1.52 3.00 4.82 3.98 4.84 3.40
Performance Rating Fair Excellent Fair Very Poor Poor Very Poor Fair

Hazen Williams C Factor (HWCF), Remaining Thickness (R Titesk), Life Expectancy (L
Expectancy), Structural Condition (S Condition), Current Integrity (C Integrity), Internal
Condition (I Condition), External Stress (E Stress), External Corrosion (E Corrosion)
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TableD.1 Field Data Samples Cont.

Sample Pipe 204 | Pipe 205 | Pipe 206 | Pipe 207 | Pipe 208 | Pipe 209 | Pipe 210
Diameter (in) 8 1 2 6 6 1 1
Age (yr) 59 80 63 14 1 40 85
Design Life (yr) 75 100 75 75 75 75 100
Vintage (yr) 1951 1930 1947 1996 2009 1970 1925
Rehab-Lining No No No No No No No
HWCEF (c value) 80 100 70 100 120 85 60
R Thickness (%) 100 100 100 100 100 100 100
Tuberculation None None None None None None None
Leak No No No No No No No
Pipe Break No No No No No No No
Break <5 Years Ago No No No No No No No
Defect Type N/A N/A N/A N/A N/A N/A N/A
Rehab Type N/A N/A N/A N/A N/A N/A N/A
Pressure Exceeded No No No No No No No
Pressure Surges No No No No No No No
Adequate Fire Flow Yes Yes Yes Yes Yes Yes Yes
Pressure Complaints No No No No No No No
Discolored Water No No No No No No No
Disturbances No No No No No No No
Flooding Never Never Never Never Never Never Never
Live Load Non-NHS | Non-NHS | Non-NHS NHS NHS Non-NHS | Non-NHS
Material Type Cl Copper Cl DI DI DI Cl
Dissimilar Metals No Yes No Yes No No No
Cathodic Protection No No No No No No No
Stray Currents No No No No No No No
Soil Corrosivity Moderate | Moderate | Moderate| Moderate Low High Moderate
Coating No No No Yes Yes Yes No

L Expectancy Output 2.98 3.62 3.30 1.36 1.44 2.32 3.56
S Condition Output 3.00 1.36 3.28 1.40 1.20 1.98 4.00
Break Rate Output 1.00 1.00 1.00 1.00 1.00 1.00 1.00
C Integrity Output 3.00 2.36 3.28 1.40 1.32 1.82 4.00

| Condition Output 1.00 1.00 1.00 1.00 1.00 1.00 1.00
E Stress Output 1.00 2.00 1.00 1.00 1.00 1.00 1.00
E Corrosion Output 2.00 3.00 2.00 1.00 1.00 1.00 2.00
Performance Output 3.00 3.00 3.28 1.40 1.32 1.84 4.00
Performance Rating Fair Fair Fair Excellent | Excellent| Good Poor

Hazen Williams C Factor (HWCF), Remaining Thickness (R Thickness), Life Expectancy (L

Expectancy), Structural Conidn (S Condition), Current Integrity (C Integrity), Internal
Condition (I Condition), External Stress (E Stress), External Corrosion (E Corrosion)
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TableD.1 Field Data Samples Cont.

Sample Pipe 211 | Pipe 212 | Pipe 213 | Pipe 214 | Pipe 215 | Pipe 216 | Pipe 217
Diameter (in) 6 6 1 8 4 12 6
Age (yr) 59 85 110 4 120 100 57
Design Life (yr) 75 100 120 75 120 100 75
Vintage (yr) 1951 1925 1900 2006 1890 1910 1953
Rehab-Lining No No No No No No No
HWCEF (c value) 80 75 60 120 65 80 80
R Thickness (%) 100 100 100 100 100 100 100
Tuberculation None None None None None None None
Leak No No No No No No No
Pipe Break No No No No No No No
Break <5 Years Ago No No No No No No No
Defect Type N/A N/A N/A N/A N/A N/A N/A
Rehab Type N/A N/A N/A N/A N/A N/A N/A
Pressue Exceeded No No No No No No No
Pressure Surges No No No No No No No
Adequate Fire Flow Yes Yes Yes Yes Yes Yes Yes
Pressure Complaints No No No No No No No
Discolored Water No No No No No No No
Disturbances No No No No No No No
Flooding Never Never Never Never Never Never Never
Live Load Non-NHS | Non-NHS NHS NornNHS NHS NHS NHS
Material Type Cl Cl Cl DI Cl Cl Cl
Dissimilar Metals No No No No No Yes No
Cathodic Protection No No No No No No No
Stray Currents No No No No No No No
Soil Corrosivity Moderate | Moderate | Moderate Low High Low Low
Coating No No No Yes No No No
L Expectancy Output 2.98 3.56 1.22 1.48 1.22 2.54 3.00
S Condition Output 3.00 3.32 4.00 1.20 3.98 3.32 3.00
Break Rate Output 1.00 1.00 1.00 1.00 1.00 1.00 1.00
C Integrity Out put 3.00 3.40 4.00 1.34 3.88 3.40 3.00
| Condition Output 1.00 1.00 1.00 1.00 1.00 1.00 1.00
E Stress Output 1.00 1.00 2.00 1.00 2.00 2.00 2.00
E Corrosion Output 2.00 2.00 2.00 1.00 3.00 3.00 1.00
Performance Output 3.00 3.40 4.00 1.36 3.88 3.40 3.00
Performance Rating Fair Fair Poor Excellent Poor Fair Fair

Hazen Williams C Factor (HWCF), Remaining Thickness (R Thickness), Life Expectancy (L

Expectancy), Structural Condition (S Condition), Current Integrity (C Integrity), Internal
Condition (I Condtion), External Stress (E Stress), External Corrosion (E Corrosion)
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TableD.1 Field Data Samples Cont.

Sample Pipe 218 | Pipe 219| Pipe 220 | Pipe 221 | Pipe 222 | Pipe 223 | Pipe 224
Diameter (in) 6 12 8 30 2 6 6
Age (yr) 53 58 119 64 59 6 64
Design Life (yr) 75 75 120 75 50 75 75
Vintage (yr) 1957 1952 1891 1946 1951 2004 1946
Rehab-Lining No No No No No No No
HWCEF (c value) 80 85 75 90 50 115 80
R Thickness (%) 100 100 100 100 100 100 100
Tuberculation None None None None None None None
Leak No No No No No No No
Pipe Break No Yes No No No No No
Break <5 Years Ago No No No No No No No
Defect Type N/A Extreme N/A N/A N/A N/A N/A
Rehab Type N/A Segment N/A N/A N/A N/A N/A
Pressure Exceeded No No No No No No No
Pressure Surges No No No No No No No
Adequate Fire Flow Yes Yes Yes Yes Yes Yes Yes
Pressure Complaints No No No No No No No
Discolored Water No No No No No No No
Disturbances No No No No No No No
Flooding Never Never Never Never Never Never Never
Live Load Non-NHS NHS NHS NHS Non-NHS | Non-NHS | Non-NHS
Material Type Cl Cl Cl Cl Galvanized Cl Cl
Dissimilar Metals No No No No No No No
Cathodic Protection No No No No No No No
Stray Currents No No No No No No No
Soil Corrosivity Low Low Moderate Low Moderate Low Moderate
Coating No No No No No No No

L Expectancy Output 2.56 3.00 1.22 3.28 3.48 1.48 3.28
S Condition Output 3.00 3.00 3.32 3.00 4.56 1.24 3.00
Break Rate Output 1.00 4.00 1.00 1.00 1.00 1.00 1.00
C Integrity Output 3.00 4.00 3.32 3.00 4.52 1.36 3.00

| Condition Output 1.00 1.00 1.00 1.00 1.00 1.00 1.00
E Stress Output 1.00 2.00 2.00 2.00 3.00 1.00 1.00
E Corrosion Output 1.00 1.00 2.00 1.00 2.00 1.00 2.00
Performance Output 3.00 4.00 3.32 3.00 4.52 1.36 3.00
Performance Rating Fair Poor Fair Fair Very Poor | Excellent Fair

Hazen Williams C Factor (HWCF), Remaining Thickness (R Thickness), Life Expectancy (L

Expectancy), Structural Condition (S Condition), Current Integrity (C Integrity), Internal
Condition (I Condition), External Stress (E Stress), External Corrosion (6<tmm)
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TableD.1 Field Data Samples Cont.

Sample Pipe 225 | Pipe 226 | Pipe 227 | Pipe 228 | Pipe 229 | Pipe 230 | Pipe 231
Diameter (in) 2 6 1 6 6 1 6
Age (yr) 38 119 88 104 118 78 15
Design Life (yr) 75 120 100 120 120 100 75
Vintage (yr) 1972 1891 1922 1906 1892 1932 1995
Rehab-Lining No No No No No No No
HWCEF (c value) 80 75 100 75 75 60 100
R Thickness (%) 100 100 100 100 100 100 100
Tuberculation None None None None None None None
Leak No No No No No No No
Pipe Break No No No No No No No
Break <5 Years Ago No No No No No No No
Defect Type N/A N/A N/A N/A N/A N/A N/A
Rehab Type N/A N/A N/A N/A N/A N/A N/A
Pressure Exceeded No No No No No No No
Pressure Surges No No No No No No No
Adequate Fire Flow Yes Yes Yes Yes Yes Yes Yes
Pressure Complaints No No No No No No No
Discolored Water No No No No No No No
Disturbances No No No No No No No
Flooding Never Never Never Never Never Never Never
Live Load Non-NHS | Non-NHS NHS Non-NHS | Non-NHS | Non-NHS NHS
Material Type Cl Cl Copper Cl Cl Cl DI
Dissimilar Metals No No Yes No Yes No No
Cathodic Protection No No No No No No No
Stray Currents No No No No No No No
Soil Corrosivity Low Low Moderate| Moderate Low High Low
Coating No No No No No No Yes
L Expectancy Output 2.38 1.22 3.58 1.26 1.22 3.66 1.32
S Condition Output 2.30 3.32 1.36 3.32 3.32 4.00 1.40
Break Rate Output 1.00 1.00 1.00 1.00 1.00 1.00 1.00
C Integrity Output 2.34 3.32 2.38 3.32 3.32 4.00 1.40
| Condition Output 1.00 1.00 1.00 1.00 1.00 1.00 1.00
E Stress Output 1.00 1.00 3.00 1.00 1.00 1.00 1.00
E Corrosion Output 1.00 1.00 3.00 2.00 3.00 3.00 1.00
Performance Output 2.32 3.32 3.00 3.32 3.32 4.00 1.40
Performance Rating Good Fair Fair Fair Fair Poor Excellent

Hazen Williams C Factor (HWCF), Remaining Thickness (R Thickned®) Bxpectancy (L

Expectancy), Structural Condition (S Condition), Current Integrity (C Integrity), Internal
Condition (I Condition), External Stress (E Stress), External Corrosion (E Corrosion)
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TableD.1 Field Data Samples Cont.

Sample Pipe 232 | Pipe 233 | Pipe 234 | Pipe 235 | Pipe 236 | Pipe 237 | Pipe 238
Diameter (in) 8 8 1 0.75 6 2 6
Age (yr) 36 43 110 58 105 72 51
Design Life (yr) 75 75 120 75 120 100 75
Vintage (yr) 1974 1967 1900 1952 1905 1938 1959
Rehab-Lining No No No No No No No
HWCEF (c value) 95 95 100 70 75 60 80
R Thickness (%) 100 100 100 100 100 100 100
Tuberculation None None None None None None None
Leak No No No No No No No
Pipe Break No No No No No No No
Break <5 Years Ago No No No No No No No
Defect Type N/A N/A N/A N/A N/A N/A N/A
Rehab Type N/A N/A N/A N/A N/A N/A N/A
Pressure Exceeded No No No No No No No
Pressure Surges No No No No No No No
Adequate Fire Flow Yes Yes Yes Yes Yes Yes Yes
Pressure Complaints No No No No No No No
Discolored Water No No No No No No No
Disturbances No No No No No No No
Flooding Never Never Never Never Never Never Never
Live Load Non-NHS NHS NHS Non-NHS | Non-NHS NHS Non-NHS
Material Type DI DI Copper Cl Cl Cl Cl
Dissimilar Metals No No No No No Yes No
Cathodic Protection No No No No No No No
Stray Currents No No No No No No No
Soil Corrosivity Low Low Moderate Low Moderate | Moderate Low
Coating Yes Yes No No No No No

L Expectancy Output 2.42 2.40 1.22 3.00 1.22 2.48 2.50
S Condition Output 1.52 1.52 1.36 3.28 3.32 4.00 3.00
Break Rate Output 1.00 1.00 1.00 1.00 1.00 1.00 1.00
C Integrity Output 1.52 1.52 1.36 3.28 3.32 3.98 3.00
| Condition Output 1.00 1.00 1.00 1.00 1.00 1.00 1.00
E Stress Output 1.00 1.00 3.00 1.00 1.00 2.00 1.00
E Corrosion Output 1.00 1.00 2.00 1.00 2.00 3.00 1.00
Performance Output 1.52 1.52 3.00 3.28 3.32 3.98 3.00
Performance Rating Excellent | Excellent Fair Fair Fair Poor Fair

Hazen Williams C Factor (HWCF), Remaining Thickness (R Thickness), Life Expectancy (L

Expectancy), Structural Condition (S Conditio@urrent Integrity (C Integrity), Internal
Condition (I Condition), External Stress (E Stress), External Corrosion (E Corrosion)
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TableD.1 Field Data Samples Cont.

Sample Pipe 239 | Pipe 240 | Pipe 241 | Pipe 242 | Pipe 243 | Pipe 244 | Pipe 245
Diameter (in) 6 24 6 1 2 6 6
Age (yr) 62 15 24 95 57 81 55
Design Life (yr) 75 75 75 100 75 100 75
Vintage (yr) 1948 1995 1986 1915 1953 1929 1955
Rehab-Lining No No No No No No No
HWCEF (c value) 85 115 100 100 70 75 80
R Thickness (%) 100 100 100 100 100 100 100
Tuberculation None None None None None None None
Leak No No No No No No No
Pipe Break No No No Yes No No No
Break <5 Years Ago No No No Yes No No No
Defect Type N/A N/A N/A Extreme N/A N/A N/A
Rehab Type N/A N/A N/A Segment N/A N/A N/A
Pressure Exceeded No No No No No No No
Pressure Surges No No No No No No No
Adequate Fire Flow Yes Yes Yes Yes Yes Yes Yes
Pressure Complaints No No No No No No No
Discolored Water No No No No No No No
Disturbances No No No No No No No
Flooding Never Never Never Never Never Never Never
Live Load Non-NHS NHS Non-NHS | Non-NHS | Non-NHS | Non-NHS | Non-NHS
Material Type DI DI DI Copper Cl Cl Cl
Dissimilar Metals No Yes Yes Yes No No No
Cathodic Protection No No No No No No No
Stray Currents No No No No No No No
Soil Corrosivity Low Low Moderate| Moderate | Moderate | Moderate High
Coating Yes Yes Yes No No No No

L Expectancy Output 3.30 1.32 3.00 3.52 3.00 3.62 3.00
S Condition Output 2.30 1.32 1.40 1.36 3.28 3.32 3.00
Break Rate Output 1.00 1.00 1.00 5.00 1.00 1.00 1.00
C Integrity Output 2.32 1.32 1.98 4.78 3.28 3.36 3.00
| Condition Output 1.00 1.00 1.00 1.00 1.00 1.00 1.00
E Stress Output 1.00 1.00 1.00 2.00 1.00 1.00 1.00
E Corrosion Output 1.00 1.00 1.00 3.00 2.00 2.00 3.00
Performance Output 2.32 1.32 1.98 4.76 3.28 3.36 3.00
Performance Rating Good Excellent| Good Very Poor Fair Fair Fair

Hazen Williams C Factor (HWCF), Remaining Thickness (R Thickness), Life Expectancy (L

Expectancy), Structural Condition (S Condition), Current Integrity (C Integrity), Internal
Condition (I Condition), External Stress (E Stress), External Corrosion (E Corrosion)
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TableD.1 Field Data Samples Cont.

Sample Pipe 246 | Pipe 247 | Pipe 248 | Pipe 249 | Pipe 250 | Pipe 251 | Pipe 252
Diameter (in) 8 6 6 0.75 2 6 12
Age (yr) 59 62 89 56 32 80 57
Design Life (yr) 75 75 100 75 75 100 75
Vintage (yr) 1951 1948 1921 1954 1978 1930 1953
Rehab-Lining No No No No No No No
HWCEF (c value) 80 80 75 70 85 75 85
R Thickness (%) 100 100 100 100 100 100 100
Tuberculation None None None None None None None
Leak No No No No No No No
Pipe Break No No No No No No No
Break <5 Years Ago No No No No No No No
Defect Type N/A N/A N/A N/A N/A N/A N/A
Rehab Type N/A N/A N/A N/A N/A N/A N/A
Pressure Exceeded No No No No No No No
Pressure Surges No No No No No No No
Adequate Fire Flow Yes Yes Yes Yes Yes Yes Yes
Pressure Complaints No No No No No No No
Discolored Water No No No No No No No
Disturbances No No No No No No No
Flooding Never Never Never Never Never Never Never
Live Load Unpaved NHS Non-NHS | Non-NHS | Non-NHS | Non-NHS NHS
Material Type Cl Cl Cl Cl DI Cl Cl
Dissimilar Metals Yes No No No No No No
Cathodic Protection No No No No No No No
Stray Currents No No No No No No No
Soil Corrosivity Low Moderate| Moderate Low Moderate | Moderate| Moderate
Coating No No No No Yes No No
L Expectancy Output 2.98 3.30 3.60 3.00 2.48 3.62 3.00
S Condition Output 3.00 3.00 3.32 3.28 1.98 3.32 3.00
Break Rate Output 1.00 1.00 1.00 1.00 1.00 1.00 1.00
C Integrity Output 3.00 3.00 3.38 3.28 1.74 3.36 3.00
| Condition Output 1.00 1.00 1.00 1.00 1.00 1.00 1.00
E Stress Output 1.00 2.00 1.00 1.00 1.00 1.00 2.00
E Corrosion Output 3.00 2.00 2.00 1.00 1.00 2.00 2.00
Performance Output 3.00 3.00 3.38 3.28 1.76 3.36 3.00
Performance Rating Fair Fair Fair Fair Good Far Fair

Hazen Williams C Factor (HWCF), Remaining Thickness (R Thickness), Life Expectancy (L

Expectancy), Structural Condition (S Condition), Current Integrity (C Integrity), Internal
Condition (I Condition), External Stress (E Stress), External Comd& Corrosion)
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TableD.1 Field Data Samples Cont.

Sample Pipe 253 | Pipe 254 | Pipe 255 | Pipe 256 | Pipe 257 | Pipe 258 | Pipe 259
Diameter (in) 6 8 6 2 1 8 1
Age (yr) 51 56 33 69 110 119 95
Design Life (yr) 75 75 75 100 50 120 100
Vintage (yr) 1959 1954 1977 1941 1900 1891 1915
Rehab-Lining No No No No No No No
HWCEF (c value) 80 80 90 70 50 75 60
R Thickness (%) 100 100 100 100 100 100 100
Tuberculation None None None None None None None
Leak No No No No No No No
Pipe Break No No No No No No No
Break <5 Years Ago No No No No No No No
Defect Type N/A N/A N/A N/A N/A N/A N/A
Rehab Type N/A N/A N/A N/A N/A N/A N/A
Pressure Exceeded No No No No No No No
Pressure Surges No No No No No No No
Adequate Fire Flow Yes Yes Yes Yes Yes Yes Yes
Pressure Complénts No No No No No No No
Discolored Water No No No No No No No
Disturbances No No No No No No No
Flooding Never Never Never Never Never Never Never
Live Load Non-NHS | Non-NHS | Non-NHS | Non-NHS | Non-NHS NHS Non-NHS
Material Type Cl Cl DI Cl Galvanized Cl Cl
Dissimilar Metals No No No Yes No No No
Cathodic Protection No No No No No No No
Stray Currents No No No No No No No
Soil Corrosivity Moderate | Moderate | Moderate| Moderate High Moderate High
Coating No No Yes No No No No

L Expectancy Output 2.50 3.00 2.46 2.54 4.54 1.22 3.52
S Condition Output 3.00 3.00 1.98 3.28 4.56 3.32 4.00
Break Rate Output 1.00 1.00 1.00 1.00 1.00 1.00 1.00
C Integrity Output 3.00 3.00 1.76 3.36 4.56 3.32 3.98
| Condition Output 1.00 1.00 1.00 1.00 1.00 1.00 1.00
E StressOutput 1.00 1.00 1.00 1.00 3.00 2.00 1.00
E Corrosion Output 2.00 2.00 1.00 3.00 3.00 2.00 3.00
Performance Output 3.00 3.00 1.76 3.36 4.56 3.32 3.98
Performance Rating Fair Fair Good Fair Very Poor Fair Poor

Hazen Williams C Factor (HWCF), Remainifgickness (R Thickness), Life Expectancy (L
Expectancy), Structural Condition (S Condition), Current Integrity (C Integrity), Internal
Condition (I Condition), External Stress (E Stress), External Corrosion (E Corrosion)
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TableD.1 Field Data Samples Cant

Sample Pipe 260| Pipe 261 | Pipe 262| Pipe 263 | Pipe 264 | Pipe 265 | Pipe 266
Diameter (in) 6 36 6 6 6 6 6
Age (yr) 48 64 104 54 102 40 93
Design Life (yr) 75 75 120 75 120 75 100
Vintage (yr) 1962 1946 1906 1956 1908 1970 1917
Rehab-Lining No No No No No No No
HWCEF (c value) 85 90 75 80 75 90 75
R Thickness (%) 100 100 100 100 100 100 100
Tuberculation None None None None None None None
Leak No No No No No No No
Pipe Break No No No No No No No
Break <5 Years Ago No No No No No No No
Defect Type N/A N/A N/A N/A N/A N/A N/A
Rehab Type N/A N/A N/A N/A N/A N/A N/A
Pressure Exceeded No No No No No No No
Pressure Surges No No No No No No No
Adequate Fire Flow Yes Yes Yes Yes Yes Yes Yes
Pressure Complaints No No No No No No No
Discolored Water No No No No No No No
Disturbances No No No No No No No
Flooding Never Never Never Never Never Never Never
Live Load NHS NHS NHS Non-NHS | Non-NHS | Unpaved| NHS
Material Type Cl Cl Cl Cl Cl DI Cl
Dissimilar Metals No Yes No No No No No
Cathodic Protection No No No No No No No
Stray Currents No No No No No No No
Soil Corrosivity High Low Low High Moderate Low Low
Coating No No No No No Yes No
L Expectancy Output 2.46 3.28 1.26 2.60 1.34 2.32 3.56
S Condition Output 2.30 3.00 3.32 3.00 3.32 1.98 3.32
Break Rate Output 1.00 1.00 1.00 1.00 1.00 1.00 1.00
C Integrity Output 2.38 3.00 3.32 3.00 3.32 1.82 3.40
| Condition Output 1.00 1.00 1.00 1.00 1.00 1.00 1.00
E Stress Output 2.00 2.00 2.00 1.00 1.00 1.00 2.00
E Corrosion Output 3.00 3.00 1.00 3.00 2.00 1.00 1.00
Performance Output 3.00 3.00 3.32 3.00 3.32 1.84 3.40
Performance Rating Fair Fair Fair Fair Fair Good Fair

Hazen Williams C Factor (HWCF), Remaining Thickness (R Thickness), Life Expectancy (L

Expectancy), Structural Condition (S Condition)s@at Integrity (C Integrity), Internal
Condition (I Condition), External Stress (E Stress), External Corrosion (E Corrosion)
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TableD.1 Field Data Samples Cont.

Sample Pipe 267 | Pipe 268 Pipe 269 | Pipe 270 | Pipe 271 | Pipe 272 | Pipe 273
Diameter (in) 6 1 1 1 8 1 6
Age (yr) 90 65 105 3 61 121 100
Design Life (yr) 100 100 120 75 75 50 100
Vintage (yr) 1920 1945 1905 2007 1949 1889 1910
Rehab-Lining No No No No No No No
HWCEF (c value) 75 100 100 100 80 50 75
R Thickness (%) 100 100 100 100 100 100 100
Tuberculation None None None None None None None
Leak No No No No No No No
Pipe Break No Yes Yes No No Yes No
Break <5 Years Ago No Yes Yes No No Yes No
Defect Type N/A Extreme Extreme N/A N/A Extreme N/A
Rehab Type N/A Segment | Segment N/A N/A Segment N/A
Pressure Exceeded No No No No No No No
Pressure Surges No No No No No No No
Adequate Fire Flow Yes Yes Yes Yes Yes Yes Yes
Pressure Complaints No No No No No No No
Discolored Water No No No No No No No
Disturbances No No No No No No No
Flooding Never Never Never Never Never Never Never
Live Load Non-NHS | Non-NHS | Non-NHS | Non-NHS | Non-NHS NHS Non-NHS
Material Type Cl Copper Copper Copper Cl Galvanized Cl
Dissimilar Metals No Yes Yes Yes No Yes No
Cathodic Protection No No No No No No No
Stray Curr ents No No No No No No No
Soil Corrosivity Moderate | Moderate | Moderate | Moderate | Moderate Low Moderate
Coating No No No No No No No

L Expectancy Output 3.62 2.62 1.22 1.50 3.30 4.58 2.54
S Condition Output 3.32 1.36 1.36 1.36 3.00 4.56 3.32
Break Rate Qutput 1.00 5.00 5.00 1.00 1.00 5.00 1.00
C Integrity Output 3.36 4.82 4.82 1.42 3.00 4.78 3.40
| Condition Output 1.00 1.00 1.00 1.00 1.00 1.00 1.00
E Stress Output 1.00 2.00 2.00 2.00 1.00 4.00 1.00
E Corrosion Output 2.00 3.00 3.00 3.00 2.00 3.00 2.00
Performance Output 3.36 4.82 4.82 3.00 3.00 4.76 3.40
Performance Rating Fair Very Poor | Very Poor Fair Fair Very Poor Fair

Hazen Williams C Factor (HWCF), Remaining Thickness (R Thickness), Life Expectancy (L
Expectancy), Structural Condition (S Carah), Current Integrity (C Integrity), Internal
Condition (I Condition), External Stress (E Stress), External Corrosion (E Corrosion)
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TableD.1 Field Data Samples Cont.

Sample Pipe 274 | Pipe 275 | Pipe 276 | Pipe 277 | Pipe 278 | Pipe 279| Pipe 280
Diameter (in) 1 1 2 6 4 6 1
Age (yr) 94 5 71 85 59 64 29
Design Life (yr) 100 75 100 100 75 75 75
Vintage (yr) 1916 2005 1939 1925 1951 1946 1981
Rehab-Lining No No No No No No No
HWCEF (c value) 100 110 60 80 75 80 100
R Thickness (%) 100 100 100 100 100 100 100
Tuberculation None None None None None None None
Leak No No No No No No No
Pipe Break Yes No Yes No No No No
Break <5 Years Ago No No Yes No No No No
Defect Type Extreme N/A Extreme N/A N/A N/A N/A
Rehab Type Segment N/A Segment N/A N/A N/A N/A
Pressure Exceeded No No No No No No No
Pressure Surges No No No No No No No
Adequate Fire Flow Yes Yes Yes Yes Yes Yes Yes
Pressure Complaints No No No No No No No
Discolored Water No No No No No No No
Disturbances No No No No No No No
Flooding Never Never Never Never Never Never Never
Live Load Non-NHS | Non-NHS NHS NHS Non-NHS NHS Non-NHS
Material Type Copper Cl Cl DI Cl Cl Copper
Dissimilar Metals No No No No No No No
Cathodic Protection No No No No No No No
Stray Currents No No No No No No No
Sal Corrosivity High Moderate Low Low Moderate Low Moderate
Coating No No No Yes No No No

L Expectancy Output 3.54 1.48 2.50 3.56 2.98 3.28 2.58
S Condition Output 1.36 1.26 4.00 3.00 3.00 3.00 1.36
Break Rate Output 4.00 1.00 5.00 1.00 1.00 1.00 1.00
C Integrity Output 4.00 1.38 4.76 3.00 3.00 3.00 1.58

| Condition Output 1.00 1.00 1.00 1.00 1.00 1.00 1.00
E Stress Output 2.00 1.00 2.00 1.00 1.00 2.00 2.00
E Corrosion Output 3.00 2.00 1.00 1.00 2.00 1.00 2.00
Performance Output 4.00 2.00 4.76 3.00 3.00 3.00 2.00
Performance Rating Poor Good Very Poor Fair Fair Fair Good

Hazen Williams C Factor (HWCF), Remaining Thickness (R Thickness), Life Expectancy (L
Expectancy), Structural Condition (S Condition), Current Integrity (C Integrity), Internal
Condition (I Condition), External Stress (E Stress), External Corrosion (E Corrosion)
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TableD.1 Field Data Samples Cont.

Sample Pipe 281 | Pipe 282 | Pipe 283 | Pipe 284 | Pipe 285| Pipe 286 | Pipe 287
Diameter (in) 6 8 6 12 8 0.75 1
Age (yr) 85 118 71 12 119 53 73
Design Life (yr) 100 120 100 75 120 75 100
Vintage (yr) 1925 1892 1939 1998 1891 1957 1937
Rehab-Lining No No No No No No No
HWCEF (c value) 75 75 75 110 75 70 100
R Thickness (%) 100 100 100 100 100 100 100
Tuberculation None None None None None None None
Leak No No No No No No No
Pipe Break No No No No No No No
Break <5 Years Ago No No No No No No No
Defect Type N/A N/A N/A N/A N/A N/A N/A
Rehab Type N/A N/A N/A N/A N/A N/A N/A
Pressure Exceeded No No No No No No No
Pressure Surges No No No No No No No
Adequate Fire Flow Yes Yes Yes Yes Yes Yes Yes
Pressure Complaints No No No No No No No
Discolored Water No No No No No No No
Disturbances No No No No No No No
Flooding Never Never Never Never Never Never Never
Live Load Non-NHS | Non-NHS | Non-NHS NHS NHS Unpaved| Non-NHS
Material Type Cl Cl Cl DI Cl Cl Copper
Dissimilar Metals No No No No No No Yes
Cathodic Protection No No No No No No No
Stray Currents No No No No No No No
Soil Corrosivity Moderate High Moderate Low Low Low High
Coating No No No Yes No No No

L Expectancy Output 3.56 1.22 2.50 1.38 1.22 2.56 2.46
S Condition Output 3.32 3.32 3.32 1.38 3.32 3.28 1.36
Break Rate Output 1.00 1.00 1.00 1.00 1.00 1.00 1.00
C Integrity Output 3.40 3.32 3.42 1.40 3.32 3.36 1.46

| Condition Output 1.00 1.00 1.00 1.00 1.00 1.00 1.00
E Stress Output 1.00 1.00 1.00 1.00 2.00 1.00 2.00
E Corrosion Output 2.00 3.00 2.00 1.00 1.00 1.00 4.00
Performance Output 3.40 3.32 3.42 1.40 3.32 3.36 4.00
Performance Rating Fair Fair Fair Excellent Fair Fair Poor

Hazen Williams C Factor (HWCF), Remaining Thickness (R Thickness), Life Expectancy (L
Expectancy), Structural Condition (S Condition), Current Integrity (C Integrity), Internal

Condition (I Condition), External Stress (E Stress), External Gon@g Corrosion)
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TableD.1 Field Data Samples Cont.

Sample Pipe 288 | Pipe 289 | Pipe 290 | Pipe 291 | Pipe 292| Pipe 293 | Pipe 294
Diameter (in) 8 6 8 6 6 6 8
Age (yr) 111 16 61 58 121 95 66
Design Life (yr) 120 75 75 75 120 100 100
Vintage (yr) 1899 1994 1949 1952 1889 1915 1944
Rehab-Lining No No No No No No No
HWCEF (c value) 75 100 80 80 75 75 80
R Thickness (%) 100 100 100 100 100 100 100
Tuberculation None None None None None None None
Leak No No No No No No No
Pipe Break Yes No Yes No No No No
Break <5 Years Ago No No Yes No No No No
Defect Type Extreme N/A Severe N/A N/A N/A N/A
Rehab Type Segment N/A Segment N/A N/A N/A N/A
Pressure Exceeded No No No No No No No
Pressure Surges No No No No No No No
Adequate Fire Flow Yes Yes Yes Yes Yes Yes Yes
Pressure Complaints No No No No No No No
Discolored Water No No No No No No No
Disturbances No No No No No No No
Flooding Never Never Never Never Never Never Never
Live Load NHS Non-NHS NHS Non-NHS NHS Non-NHS | Non-NHS
Material Type Cl DI Cl Cl Cl Cl Cl
Dissimilar Metals No Yes No No No No No
Cathodic Protection No No No No No No No
Stray Currents No No No No No No No
Soil Corrosivity Low Moderate Low Moderate Low High Low
Coating No Yes No No No No No

L Expectancy Output 1.22 1.32 3.30 3.00 1.22 3.52 2.60
S Condition Output 3.32 1.40 3.00 3.00 3.32 3.32 3.00
Break Rate Output 4.00 1.00 4.00 1.00 1.00 1.00 1.00
C Integrity Output 4.00 1.40 4.30 3.00 3.32 3.42 3.00
| Condition Output 1.00 1.00 1.00 1.00 1.00 1.00 1.00
E Stress Output 2.00 1.00 2.00 1.00 2.00 1.00 1.00
E Corrosion Output 1.00 1.00 1.00 2.00 1.00 3.00 1.00
Performance Output 4.00 1.40 4.32 3.00 3.32 3.42 3.00
Performance Rating Poor Excellent Poor Fair Fair Fair Fair

Hazen Williams C Factor (HWCF), Remaining Thickn@8sThickness), Life Expectancy (L
Expectancy), Structural Condition (S Condition), Current Integrity (C Integrity), Internal
Condition (I Condition), External Stress (E Stress), External Corrosion (E Corrosion)
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TableD.1 Field Data Samples Cont.

Sample Pipe 295 | Pipe 296| Pipe 297 | Pipe 298 | Pipe 299 | Pipe 300 | Pipe 301
Diameter (in) 6 6 1 8 6 4 6
Age (yr) 81 117 90 34 82 26 121
Design Life (yr) 100 120 100 75 100 75 120
Vintage (yr) 1929 1893 1920 1976 1928 1984 1889
Rehab-Lining No No No No No No No
HWCEF (c value) 75 75 60 95 75 100 75
R Thickness (%) 100 100 100 100 100 100 100
Tuberculation None None None None None None None
Leak No No No No No No No
Pipe Break Yes No No No No No No
Break <5 Years Ago Yes No No No No No No
Defect Type Extreme N/A N/A N/A N/A N/A N/A
Rehab Type Segment N/A N/A N/A N/A N/A N/A
Pressure Exceeded No No No No No No No
Pressure Surges No No No No No No No
Adequate Fire Flow Yes Yes Yes Yes Yes Yes Yes
Pressure Complaints No No No No No No No
Discolored Water No No No No No No No
Disturbances No No No No No No No
Flooding Never Never Never Never Never Never Never
Live Load Non-NHS NHS Non-NHS | Non-NHS | Non-NHS | Non-NHS NHS
Material Type Cl Cl Cl DI Cl ]| Cl
Dissimilar Metals Yes Yes No No No Yes No
Cathodic Protection No No No No No No No
Stray Currents No No No No No No No
Soil Corrosivity High Low Moderate Low Moderate | Moderate | Moderate
Coating No No No Yes No Yes No
L Expectancy Output 3.62 1.22 3.62 2.44 3.60 2.74 1.22
S Condition Output 3.32 3.32 4.00 1.52 3.32 1.36 3.32
Break Rate Output 5.00 1.00 1.00 1.00 1.00 1.00 1.00
C Integrity Output 4.82 3.32 4.00 1.52 3.38 1.68 3.32
| Condition Output 1.00 1.00 1.00 1.00 1.00 1.00 1.00
E Stress Output 1.00 2.00 1.00 1.00 1.00 1.00 2.00
E Corrosion Output 4.00 3.00 2.00 1.00 2.00 1.00 2.00
Performance Output 4.82 3.32 4.00 1.52 3.38 1.68 3.32
Performance Rating Very Poor Fair Poor Excellent Fair Good Fair

Hazen Williams C Factor (HWCF), Remaining Thickness (R Thickness), Life Expectancy (L

Expectancy)Structural Condition (S Condition), Current Integrity (C Integrity), Internal
Condition (I Condition), External Stress (E Stress), External Corrosion (E Corrosion)
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TableD.1 Field Data Samples Cont.

Sample Pipe 302 | Pipe 303 | Pipe 304 | Pipe 305 | Pipe 306 | Pipe 307 | Pipe 308
Diameter (in) 6 6 8 12 6 6 6
Age (yr) 53 40 60 61 43 95 85
Design Life (yr) 75 75 75 75 75 100 100
Vintage (yr) 1957 1970 1950 1949 1967 1915 1925
Rehab-Lining No No No No No No No
HWCEF (c value) 80 85 80 85 90 80 80
R Thickness (%) 100 100 100 100 100 100 100
Tuberculation None None None None None None None
Leak No No No No No No No
Pipe Break No No No Yes Yes No No
Break <5 Years Ago No No No Yes Yes No No
Defect Type N/A N/A N/A Mild Extreme N/A N/A
Rehab Type N/A N/A N/A Sgment | Segment N/A N/A
Pressure Exceeded No No No No No No No
Pressure Surges No No No No No No No
Adequate Fire Flow Yes Yes Yes Yes Yes Yes Yes
Pressure Complaints No No No No No No No
Discolored Water No No No No No No No
Disturbances No No No No No No No
Flooding Never Never Never Never Never Never Never
Live Load Non-NHS | Unpaved| Non-NHS NHS Non-NHS | Norn-NHS | Non-NHS
Material Type Cl Cl Cl Cl DI ]| DI
Dissimilar Metals No No Yes No Yes No Yes
Cathodic Protection No No No No No No No
Stray Currents No No No No No No No
Soil Corrosivity Low Low Moderate | Moderate| Moderate | Moderate High
Coating No No No No Yes Yes Yes
L Expectancy Output 2.56 2.32 2.98 3.30 2.40 3.52 3.56
S Condition Output 3.00 2.30 3.00 3.00 1.98 3.00 3.00
Break Rate Output 1.00 1.00 1.00 3.00 5.00 1.00 1.00
C Integrity Output 3.00 2.32 3.00 3.32 4.80 3.00 3.00
| Condition Output 1.00 1.00 1.00 1.00 1.00 1.00 1.00
E Stress Output 1.00 1.00 1.00 2.00 1.00 1.00 1.00
E Corrosion Output 1.00 1.00 3.00 2.00 1.00 1.00 1.00
Performance Output 3.00 2.32 3.00 3.32 4.80 3.00 3.00
Performance Rating Fair Good Fair Fair Very Poor Fair Fair

Hazen Williams C Factor (HWCF), Remaining Thickness (R Thickness), Life Expectancy (L

Expectancy), Structural Condition (S Condition), Curratedrity (C Integrity), Internal
Condition (I Condition), External Stress (E Stress), External Corrosion (E Corrosion)
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TableD.1 Field Data Samples Cont.

Sample Pipe 309 | Pipe 310 | Pipe 311 | Pipe 312 | Pipe 313 | Pipe 314 | Pipe 315
Diameter (in) 12 1 6 6 1 6 8
Age (yr) 12 68 86 118 98 121 81
Design Life (yr) 75 100 100 120 100 120 100
Vintage (yr) 1998 1942 1924 1892 1912 1889 1929
Rehab-Lining No No No No No No No
HWCEF (c value) 110 70 75 75 100 75 75
R Thickness (%) 100 100 100 100 100 100 100
Tuberculation None None None None None None None
Leak No No No No No No No
Pipe Break No No No No Yes No No
Break <5 Years Ago No No No No Yes No No
Defect Type N/A N/A N/A N/A Extreme N/A N/A
Rehab Type N/A N/A N/A N/A Segment N/A N/A
Pressure Exceeded No No No No No No No
Pressure Surges No No No No No No No
Adequate Fire Flow Yes Yes Yes Yes Yes Yes Yes
Pressure Complaints No No No No No No No
Discolored Water No No No No No No No
Disturbances No No No No No No No
Flooding Never Never Never Never Never Never Never
Live Load NHS Non-NHS | Non-NHS | Non-NHS | Non-NHS NHS Non-NHS
Material Type DI Cl Cl Cl Copper Cl Cl
Dissimilar Metals No No No No Yes No No
Cathodic Protection No No No No No No No
Stray Currents No No No No No No No
Soil Corrosivity Low Moderate Low High High Low Moderate
Coating Yes No No No No No No

L Expectancy Output 1.38 2.56 3.54 1.22 3.46 1.22 3.62
S Condition Output 1.38 3.28 3.32 3.32 1.36 3.32 3.32
Break Rate Output 1.00 1.00 1.00 1.00 5.00 1.00 1.00
C Integrity Output 1.40 3.36 3.40 3.32 4.78 3.32 3.36

| Condition Output 1.00 1.00 1.00 1.00 1.00 1.00 1.00
E Stress Output 1.00 1.00 1.00 1.00 2.00 2.00 1.00
E Corrosion Output 1.00 2.00 1.00 3.00 4.00 1.00 2.00
Performance Output 1.40 3.36 3.40 3.32 4.76 3.32 3.36
Performance Rating Excellent Fair Fair Fair Very Poor Fair Fair

Hazen Williams C Factor (HWCF), Remaining Thickness (R Thickness), Life Expectancy (L

Expectancy), Structural Condition (S Condition), Current Integrity (C Integrity), Internal
Condition (I Condiion), External Stress (E Stress), External Corrosion (E Corrosion)
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TableD.1 Field Data Samples Cont.

Sample Pipe 316 | Pipe 317 | Pipe 318 | Pipe 319 | Pipe 320 | Pipe 321 | Pipe 322
Diameter (in) 4 6 1 2 1 1 6
Age (yr) 121 61 56 103 20 54 63
Design Life (yr) 120 75 75 50 75 75 75
Vintage (yr) 1889 1949 1954 1907 1990 1956 1947
Rehab-Lining No No No No No No No
HWCEF (c value) 65 80 75 50 90 70 80
R Thickness (%) 100 100 100 100 100 100 100
Tuberculation None None None None None None None
Leak No No No No No No No
Pipe Break No No No No No No No
Break <5 Years Ago No No No No No No No
Defect Type N/A N/A N/A N/A N/A N/A N/A
Rehab Type N/A N/A N/A N/A N/A N/A N/A
Pressure Exceeded No No No No No No No
Pressure Surges No No No No No No No
Adequate Fire Flow Yes Yes Yes Yes Yes Yes Yes
Pressure Complaints No No No No No No No
Discolored Water No No No No No No No
Disturbances No No No No No No No
Flooding Never Never Never Never Never Never Never
Live Load NHS Non-NHS | Non-NHS | Non-NHS | Non-NHS NHS Non-NHS
Material Type Cl Cl DI Galvanized Cl Cl Cl
Dissimilar Metals No No No Yes No No No
Cathodic Protection No No No No No No No
Stray Currents No No No No No No No
Soil Corrosivity Low Moderate High Moderate High Low Moderate
Coating No No Yes No No No No

L Expectancy Output 1.22 3.30 3.00 4.44 2.98 2.60 3.30
S Condition Output 3.98 3.00 3.00 4.56 1.54 3.28 3.00
Break Rate Output 1.00 1.00 1.00 1.00 1.00 1.00 1.00
C Integrity Output 3.88 3.00 3.00 4.56 1.76 3.34 3.00

| Condition Output 1.00 1.00 1.00 1.00 1.00 1.00 1.00
E Stress Output 2.00 1.00 1.00 3.00 1.00 2.00 1.00
E Corrosion Output 1.00 2.00 1.00 3.00 3.00 1.00 2.00
Performance Output 3.88 3.00 3.00 4.56 3.00 3.34 3.00
Performance Rating Poor Fair Fair Very Poor Fair Fair Fair

HazenWilliams C Factor (HWCF), Remaining Thickness (R Thickness), Life Expectancy (L
Expectancy), Structural Condition (S Condition), Current Integrity (C Integrity), Internal
Condition (I Condition), External Stress (E Stress), External Corrosion (E Corrosion)
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TableD.1 Field Data Samples Cont.

Sample Pipe 323 | Pipe 324 | Pipe 325 | Pipe 326 | Pipe 327 | Pipe 328 | Pipe 329
Diameter (in) 2 1 0.75 6 1 6 1
Age (yr) 34 84 90 44 104 84 98
Design Life (yr) 75 100 100 75 120 100 100
Vintage (yr) 1976 1926 1920 1966 1906 1926 1912
Rehab-Lining No No No No No No No
HWCEF (c value) 85 100 100 85 60 75 60
R Thickness (%) 100 100 100 100 100 100 100
Tuberculation None None None None None None None
Leak No No No No No No No
Pipe Break No No Yes No No No No
Break <5 YearsAgo No No Yes No No No No
Defect Type N/A N/A Extreme N/A N/A N/A N/A
Rehab Type N/A N/A Segment N/A N/A N/A N/A
Pressure Exceeded No No No No No No No
Pressure Surges No No No No No No No
Adequate Fire Flow Yes Yes Yes Yes Yes Yes Yes
Pressure Compaints No No No No No No No
Discolored Water No No No No No No No
Disturbances No No No No No No No
Flooding Never Never Never Never Never Never Never
Live Load Non-NHS | Non-NHS | Non-NHS NHS Non-NHS | Non-NHS | Non-NHS
Material Type DI Copper Copper Cl Cl Cl Cl
Dissimilar Metals Yes Yes Yes No No No No
Cathodic Protection No No No No No No No
Stray Currents No No No No No No No
Soil Corrosivity Moderate Low Moderate | Moderate Low Moderate High
Coating Yes No No No No No No
L Expectancy Output 2.44 3.56 3.62 2.42 1.26 3.56 3.46
S Condition Output 1.98 1.36 1.36 2.30 4.00 3.32 4.00
Break Rate Output 1.00 1.00 5.00 1.00 1.00 1.00 1.00
C Integrity Output 1.76 2.40 4.82 2.36 4.00 3.40 4.00
| Condition Output 1.00 1.00 1.00 1.00 1.00 1.00 1.00
E Stress Ouput 1.00 2.00 2.00 2.00 1.00 1.00 1.00
E Corrosion Output 1.00 3.00 3.00 2.00 1.00 2.00 3.00
Performance Output 1.76 3.00 4.82 2.36 4.00 3.40 4.00
Performance Rating Good Fair Very Poor Good Poor Fair Poor

Hazen Williams C Factor (HWCF), Remainingid@kness (R Thickness), Life Expectancy (L
Expectancy), Structural Condition (S Condition), Current Integrity (C Integrity), Internal
Condition (I Condition), External Stress (E Stress), External Corrosion (E Corrosion)
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TableD.1 Field Data Samples Cont.

Sample Pipe 330 | Pipe 331 | Pipe 332 | Pipe 333| Pipe 334 | Pipe 335 | Pipe 336
Diameter (in) 6 6 6 6 6 6 6
Age (yr) 41 57 86 55 87 84 120
Design Life (yr) 75 75 100 75 100 100 120
Vintage (yr) 1969 1953 1924 1955 1923 1926 1890
Rehab-Lining No No No No No No No
HWCEF (c value) 85 80 75 80 75 75 75
R Thickness (%) 100 100 100 100 100 100 100
Tuberculation None None None None None None None
Leak No No No No No No No
Pipe Break No No No No No No No
Break <5 Years Ago No No No No No No No
Defect Type N/A N/A N/A N/A N/A N/A N/A
Rehab Type N/A N/A N/A N/A N/A N/A N/A
Pressure Exceeded No No No No No No No
Pressure Surges No No No No No No No
Adequate Fire Flow Yes Yes Yes Yes Yes Yes Yes
Pressure Complaints No No No No No No No
Discolored Water No No No No No No No
Disturbances No No No No No No No
Flooding Never Never Never Never Never Never Never
Live Load Non-NHS | Non-NHS | Non-NHS NHS Non-NHS | Non-NHS NHS
Material Type Cl Cl Cl Cl Cl Cl Cl
Dissimilar Metals No Yes Yes No No No Yes
Cathodic Protection No No No No No No No
Stray Currents No No No No No No No
Soil Corrosivity Moderate | Moderate| Moderate Low Moderate | Moderate Low
Coating No No No No No No No
L Expectancy Output 2.36 3.00 3.54 3.00 3.56 3.56 1.22
S Condition Output 2.30 3.00 3.32 3.00 3.32 3.32 3.32
Break Rate Output 1.00 1.00 1.00 1.00 1.00 1.00 1.00
C Integrity Output 2.32 3.00 3.40 3.00 3.40 3.40 3.32
| Condition Output 1.00 1.00 1.00 1.00 1.00 1.00 1.00
E Stress Output 1.00 1.00 1.00 2.00 1.00 1.00 2.00
E Corrosion Output 2.00 3.00 3.00 1.00 2.00 2.00 3.00
Performance Output 2.32 3.00 3.40 3.00 3.40 3.40 3.32
Performance Rating Good Fair Fair Fair Fair Fair Fair

Hazen Williams C Factor (HWCF), Remaining Thickness (R Thickness), Life Expectancy (L

Expectancy), Structural @dition (S Condition), Current Integrity (C Integrity), Internal
Condition (I Condition), External Stress (E Stress), External Corrosion (E Corrosion)
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TableD.1 Field Data Samples Cont.

Sample Pipe 337 | Pipe 338 | Pipe 339 | Pipe 340 | Pipe 341 | Pipe 342 | Pipe 343
Diameter (in) 1 1 8 6 8 6 1
Age (yr) 102 6 60 32 61 26 20
Design Life (yr) 120 75 75 75 75 75 75
Vintage (yr) 1908 2004 1950 1978 1949 1984 1990
Rehab-Lining No No No No No No No
HWCEF (c value) 100 100 80 85 80 100 90
R Thickness (%) 100 100 100 100 100 100 100
Tuberculation None None None None None None None
Leak No No No No No No No
Pipe Break No No No No No No No
Break <5 Years Ago No No No No No No No
Defect Type N/A N/A N/A N/A N/A N/A N/A
Rehab Type N/A N/A N/A N/A N/A N/A N/A
Pressue Exceeded No No No No No No No
Pressure Surges No No No No No No No
Adequate Fire Flow Yes Yes Yes Yes Yes Yes Yes
Pressure Complaints No No No No No No No
Discolored Water No No No No No No No
Disturbances No No No No No No No
Flooding Never Never Never Never Never Never Never
Live Load NHS Non-NHS | Non-NHS | Non-NHS NHS Non-NHS NHS
Material Type Copper Copper Cl Cl Cl DI Cl
Dissimilar Metals Yes Yes No No Yes No No
Cathodic Protection No No No No No No No
Stray Currents No No No No No No No
Soi Corrosivity Moderate| Moderate Low Low Low Moderate Low
Coating No No No No No Yes No
L Expectancy Output 1.34 1.48 2.98 2.48 3.30 2.74 2.98
S Condition Output 1.36 1.36 3.00 2.30 3.00 1.40 1.54
Break Rate Output 1.00 1.00 1.00 1.00 1.00 1.00 1.00
C Integrity Output 1.36 1.42 3.00 2.40 3.00 1.66 1.76
| Condition Output 1.00 1.00 1.00 1.00 1.00 1.00 1.00
E Stress Output 3.00 2.00 1.00 1.00 2.00 1.00 2.00
E Corrosion Output 3.00 3.00 1.00 1.00 3.00 1.00 1.00
Performance Output 3.00 3.00 3.00 2.40 3.00 1.66 2.00
Performance Rating Fair Fair Fair Good Fair Good Good

Hazen Williams C Factor (HWCF), Remaining Thickness (R Thickness), Life Expectancy (L
Expectancy), Structural Condition (S Condition), Current Integrity (C Integrity), Internal
Condition(l Condition), External Stress (E Stress), External Corrosion (E Corrosion)
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TableD.1 Field Data Samples Cont.

Sample Pipe 344 | Pipe 345 | Pipe 346 | Pipe 347 | Pipe 348 | Pipe 349 | Pipe 350
Diameter (in) 1 6 20 10 6 1 2
Age (yr) 38 85 33 111 70 39 85
DesignLife (yr) 75 100 75 120 100 75 50
Vintage (yr) 1972 1925 1977 1899 1940 1971 1925
Rehab-Lining No No No No No No No
HWCEF (c value) 80 75 105 80 80 85 50

R Thickness (%) 100 100 100 100 100 100 100
Tuberculation None None None None None None None
Leak No No No No No No No
Pipe Break No No No No No No No
Break <5 Years Ago No No No No No No No
Defect Type N/A N/A N/A N/A N/A N/A N/A
Rehab Type N/A N/A N/A N/A N/A N/A N/A
Pressure Exceeded No No No No No No No
Pressure Surges No No No No No No No
Adequate Fire Flow Yes Yes Yes Yes Yes Yes Yes
Pressure Complaints No No No No No No No
Discolored Water No No No No No No No
Disturbances No No No No No No No
Flooding Never Never Never Never Never Never Never
Live Load Non-NHS | Non-NHS | Non-NHS NHS NHS Unpaved NHS
Material Type Cl Cl DI Cl Cl ]| Galvanized
Dissimilar Metals No No No Yes No No Yes
Cathodic Protection No No No No No No No
Stray Currents No No No No No No No
Soil Corrosivity Low Moderate | Moderate | Moderate Low Moderate| Moderate
Coating No No Yes No No Yes No

L Expectancy Output 2.38 3.56 2.46 1.22 2.52 2.36 4.44

S Condition Output 2.30 3.32 1.52 3.32 3.00 1.98 4.56
Break Rate Output 1.00 1.00 1.00 1.00 1.00 1.00 1.00

C Integrity Output 2.34 3.40 1.52 3.32 3.00 1.80 4.56

| Condition Output 1.00 1.00 1.00 1.00 1.00 1.00 1.00

E Stress Output 1.00 1.00 1.00 2.00 2.00 1.00 4.00

E Corrosion Output 1.00 2.00 1.00 3.00 1.00 1.00 3.00
Performance Output 2.32 3.40 1.52 3.32 3.00 1.80 4.56
Performance Rating Good Fair Excellent Fair Fair Good Very Poor

Hazen Williams C Factor (HWCF), Remaining Thickness (R Thickness), Life Expectancy (L

Expectancy), Structural Condition (S Condition), Current Integrity (C Integrity), Internal
Condition (I Condition), External Stress (E Stress), Exte@aarosion (E Corrosion)
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TableD.1 Field Data Samples Cont.

Sample Pipe 351 | Pipe 352 | Pipe 353 | Pipe 354 | Pipe 355 | Pipe 356 | Pipe 357
Diameter (in) 1 6 12 8 6 6 1
Age (yr) 50 63 84 36 45 40 10
Design Life (yr) 75 75 100 75 75 75 75
Vintage (yr) 1960 1947 1926 1974 1965 1970 2000
Rehab-Lining No No No No No No No
HWCEF (c value) 80 80 80 95 85 90 100
R Thickness (%) 100 100 100 100 100 100 100
Tuberculation None None None None None None None
Leak No No No No No No No
Pipe Break No No No No No No No
Break <5 Years Ago No No No No No No No
Defect Type N/A N/A N/A N/A N/A N/A N/A
Rehab Type N/A N/A N/A N/A N/A N/A N/A
Pressure Exceeded No No No No No No No
Pressure Surges No No No No No No No
Adequate Fire Flow Yes Yes Yes Yes Yes Yes Yes
Presaire Complaints No No No No No No No
Discolored Water No No No No No No No
Disturbances No No No No No No No
Flooding Never Never Never Never Never Never Never
Live Load Non-NHS | Non-NHS NHS NHS Non-NHS | Non-NHS | Non-NHS
Material Type Cl Cl Cl DI Cl DI Caopper
Dissimilar Metals No Yes No No No Yes Yes
Cathodic Protection No No No No No No No
Stray Currents No No No No No No No
Soil Corrosivity Moderate | Moderate | Moderate Low Low Moderate | Moderate
Coating No No No Yes No Yes No

L Expectancy Output 2.46 3.30 3.56 2.42 2.42 2.32 1.42
S Condition Output 2.30 3.00 3.32 1.52 2.30 1.98 1.36
Break Rate Output 1.00 1.00 1.00 1.00 1.00 1.00 1.00
C Integrity Output 2.38 3.00 3.40 1.52 2.36 1.82 1.38

| Condition Output 1.00 1.00 1.00 1.00 1.00 1.00 1.00
E Stress Output 1.00 1.00 2.00 1.00 1.00 1.00 2.00
E Corrosion Output 2.00 3.00 2.00 1.00 1.00 1.00 3.00
Performance Output 2.36 3.00 3.40 1.52 2.36 1.84 3.00
Performance Rating Good Fair Fair Excellent| Good Good Fair

Hazen Williams C Factor (HWCF), Remangi Thickness (R Thickness), Life Expectancy (L
Expectancy), Structural Condition (S Condition), Current Integrity (C Integrity), Internal
Condition (I Condition), External Stress (E Stress), External Corrosion (E Corrosion)
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TableD.1 Field Data SampleSont.

Sample Pipe 358 | Pipe 359 | Pipe 360 | Pipe 361 | Pipe 362 | Pipe 363 | Pipe 364
Diameter (in) 6 6 1 12 2 4 2
Age (yr) 40 55 49 63 88 120 58
Design Life (yr) 75 75 75 75 50 120 75
Vintage (yr) 1970 1955 1961 1947 1922 1890 1952
Rehab-Lining No No No No No No No
HWCEF (c value) 90 80 80 85 50 65 70
R Thickness (%) 100 100 100 100 100 100 100
Tuberculation None None None None None None None
Leak No No No No No No No
Pipe Break No No No No Yes No No
Break <5 Years Ago No No No No No No No
Defect Type N/A N/A N/A N/A Extreme N/A N/A
Rehab Type N/A N/A N/A N/A Segment N/A N/A
Pressure Exceeded No No No No No No No
Pressure Surges No No No No No No No
Adequate Fire Flow Yes Yes Yes Yes Yes Yes Yes
Pressure Complaints No No No No No No No
Discolored Waer No No No No No No No
Disturbances No No No No No No No
Flooding Never Never Never Never Never Never Never
Live Load Non-NHS | Non-NHS | Non-NHS NHS NHS NHS Non-NHS
Material Type DI Cl Cl Cl Galvanized Cl Cl
Dissimilar Metals No No No Yes Yes Yes No
Cathodic Protection No No No No No No No
Stray Currents No No No No No No No
Soil Corrosivity Moderate | Moderate Low Low Moderate | Moderate| Moderate
Coating Yes No No No No No No

L Expectancy Output 2.32 3.00 2.46 3.30 4.40 1.22 3.00
S Condition Output 1.98 3.00 2.30 3.00 4.56 3.98 3.28
Break Rate Output 1.00 1.00 1.00 1.00 4.00 1.00 1.00
C Integrity Output 1.82 3.00 2.38 3.00 4.78 3.88 3.28
| Condition Output 1.00 1.00 1.00 1.00 1.00 1.00 1.00
E Stress Output 1.00 1.00 1.00 2.00 4.00 2.00 1.00
E Corrosion Output 1.00 2.00 1.00 3.00 3.00 3.00 2.00
Performance Output 1.84 3.00 2.36 3.00 4.76 3.88 3.28
Performance Rating Good Fair Good Fair Very Poor Poor Fair

Hazen Williams C Factor (HWCF), Remaining Thickness (R Thickness), Life Expectancy (L

Expectancy), Structural Condition (S Condition), Current Integrity (C Integrity), Internal
Condition (I Condition), External Stress (E Stress), External Corrosion (E Corrosion)
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TableD.1 Field Data Samples Cont.

Sample Pipe 365 | Pipe 366 | Pipe 367 | Pipe 368 | Pipe 369 | Pipe 370 | Pipe 371
Diameter (in) 1 8 1 6 2 1 8
Age (yr) 100 111 85 78 52 55 111
Design Life (yr) 100 120 100 100 75 75 120
Vintage (yr) 1910 1899 1925 1932 1958 1955 1899
Rehab-Lining No No No No No No No
HWCEF (c value) 60 75 60 75 70 70 75
R Thickness (%) 100 100 100 100 100 100 100
Tuberculation None None None None None None None
Leak No No No No No No No
Pipe Break No No No No No No No
Break <5 Years Ago No No No No No No No
Defect Type N/A N/A N/A N/A N/A N/A N/A
Rehab Type N/A N/A N/A N/A N/A N/A N/A
Pressure Exceeded No No No No No No No
Pressure Surges No No No No No No No
Adequate Fire Flow Yes Yes Yes Yes Yes Yes Yes
Pressure Complaints No No No No No No No
Discolored Water No No No No No No No
Disturbances No No No No No No No
Flooding Never Never Never Never Never Never Never
Live Load Non-NHS | Non-NHS | Non-NHS | Non-NHS | Non-NHS NHS NHS
Material Type Cl Cl Cl Cl Cl Cl Cl
Dissimilar Metals No No No No No No No
Cathodic Protection No No No No No No No
Stray Currents No No No No No No No
Soil Corrosivity Moderate | Moderate| Moderate High Moderate | Moderate Low
Coating No No No No No No No
L Expectancy Output 2.54 1.22 3.56 3.66 2.54 3.00 1.22
S Condition Output 4.00 3.32 4.00 3.32 3.28 3.28 3.32
Break Rate Output 1.00 1.00 1.00 1.00 1.00 1.00 1.00
C Integrity Output 4.00 3.32 4.00 3.32 3.36 3.28 3.32
| Condition Output 1.00 1.00 1.00 1.00 1.00 1.00 1.00
E Stress Output 1.00 1.00 1.00 1.00 1.00 2.00 2.00
E Corrosion Output 2.00 2.00 2.00 3.00 2.00 2.00 1.00
Performance Output 4.00 3.32 4.00 3.32 3.36 3.28 3.32
Performance Rating Poor Fair Poor Fair Fair Fair Fair

Hazen Williams C Factor (HWCF), Remaining Thickness (R Thickness), Life Expectancy (L

Expectancy), Structural Condition (S Condition), Current Integritynt€grity), Internal
Condition (I Condition), External Stress (E Stress), External Corrosion (E Corrosion)
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TableD.1 Field Data Samples Cont.

Sample Pipe 372 | Pipe 373 | Pipe 374 | Pipe 375
Diameter (in) 2 6 12 8
Age (yn 63 103 59 26
Design Life (yr) 75 120 75 75
Vintage (yr) 1947 1907 1951 1984
Rehab-Lining No No No No
HWCEF (c value) 70 75 85 105
R Thickness (%) 100 100 100 100
Tuberculation None None None None
Leak No No No No
Pipe Break No No No No
Break <5 Years Ago No No No No
Defect Type N/A N/A N/A N/A
Rehab Type N/A N/A N/A N/A
Pressure Exceeded No No No No
Pressure Surges No No No No
Adequate Fire Flow Yes Yes Yes Yes
Pressure Complaints No No No No
Discolored Water No No No No
Disturbances No No No No
Flooding Never Never Never Never
Live Load Non-NHS | Non-NHS | Non-NHS NHS
Material Type Cl Cl Cl DI
Dissimilar Metals Yes No No Yes
Cathodic Protection No No No No
Stray Currents No No No No
Soil Corrosivity Moderate | Moderate | Moderate | Moderate
Coating No No No Yes
L Expectancy Qutput 3.30 1.30 2.98 2.74
S Condition Output 3.28 3.32 3.00 1.34
Break Rate Output 1.00 1.00 1.00 1.00
C Integrity Output 3.28 3.32 3.00 1.70
| Condition Output 1.00 1.00 1.00 1.00
E Stress Output 1.00 1.00 1.00 1.00
E Corrosion Output 3.00 2.00 2.00 1.00
Performance Output 3.28 3.32 3.00 1.72
Performance Rating Fair Fair Fair Good

Hazen Williams C Factor (HWCF), Remaining Thickness (R Thickness), Life Expectancy (L
Expectancy), Structural Condition (S Condition), Current Integrity (C Integhitigrnal
Condition (I Condition), External Stress (E Stress), External Corrosion (E Corrosion)
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